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Abstract 
Due to their excellent thermal, mechanical and chemical properties, boron nitride (BN) nanosheets 
which possess the same hexagonal structure as graphene have attracted increasing attention from 
scientists and engineers worldwide. In this thesis, BN nanosheets were successfully produced by 
the mechanical exfoliation method, and Raman spectra of substrate-support and suspended BN 
nanosheets were investigated both experimentally and theoretically. Compared to the bulk 
hexagonal BN (hBN) crystal, a blue shift of G band frequency was observed from substrate-bound 
BN nanosheets, and the shift increases with a decreasing number of layers. A further upshift was 
detected from substrate supported BN nanosheets when the samples were heated in air, while no 
shift from bulk hBN crystal was observed. The substrate-induced strain is thought to contribute to 
the blue shift of the Raman frequency of BN nanosheets.  
 
The thickness of BN nanosheets increased dramatically when exposed to air due to the adsorption 
of airborne hydrocarbon molecules which was confirmed by X-ray photoelectron spectroscopy 
(XPS) and Fourier transform infrared spectroscopy (FTIR). The adsorption capability of BN 
nanosheets was further studied using rhodamine 6G (R6G) molecules, which are commonly used 
probe molecules for surface enhanced Raman scattering (SERS). It was found that BN nanosheets 
of 1-3 layers were more active for R6G adsorption in aqueous solution compared to bulk hBN. 
Theoretical studies revealed that atomically thin BN had higher adsorption energies towards R6G 
adsorption than bulk hBN due to conformational change. Raman spectroscopy was used to 
experimentally measure the conformational changes in BN nanosheets. In detail, the G band of 
substrate-bound and suspended atomically thin BN nanosheets showed opposite frequency shifts 
after surface adsorption of R6G and 4-mercatobenzoic acid (4-MBA) molecules.  
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The special adsorption behaviour of BN nanosheets along with their high thermal stability, 
excellent impermeability, electrical insulation and weak Raman scattering can greatly contribute 
to SERS. Two designs were experimented to combine BN nanosheets with plasmonically active 
noble metal nanoparticles which were prepared by the sputtering and annealing method. The 
method had good control over their density and size distribution by sputtering time, current, and 
annealing temperature. In the first design, BN nanosheets were placed underneath plasmonic 
nanoparticles. The SERS substrate with atomically thin BN nanosheets is more sensitive than bare 
metal nanoparticles (without BN) as well as bulk hBN underneath nanoparticles. Such intriguing 
phenomenon is due to the special adsorption behaviour, i.e. conformational change, of BN 
nanosheets. In the second design, BN nanosheets were placed on the top of metal particles to 
further increase the area for surface adsorption and hence Raman sensitivity by up to two orders. 
Such design also has many other advantages, such as protection of silver nanoparticles against 
oxidation, elimination of disturbance induced by metal nanoparticles, and reusability by simple 
heat treatment in air at 360-400 oC to remove adsorbed molecules without loss of plasmonic 
enhancement. Furthermore, unlike graphene which always shows a strong G band, atomically thin 
BN shows extremely weak Raman peak in the SERS system and hence poses no interference with 
the Raman signal from analytes. In addition, the design can be scaled up by using BN nanosheets 
grown by chemical vapour deposition (CVD).  
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Chapter 1. Introduction 
1.1 Background 
Surface enhanced Raman spectroscopy (SERS) is a non-destructive and powerful analytical 
technique with its signal enhanced by localized surface plasmon induced electromagnetic fields 
and/or charge transfer to be able to detect chemical and biological molecules at extremely low 
concentration. SERS has a wide range of applications in both research and industry, including 
chemical analysis, environmental protection, food processing, pharmaceutical industry, and 
diagnostic biology. In spite of decades of study, the production of highly-sensitive, homogeneous, 
reproducible, reusable, and cost-effective SERS substrates is still a big challenge, greatly 
inhibiting the extensive use of this spectroscopic technique. Although top-down methods such as 
lithography and etching can fabricate SERS substrates with single-molecular sensitivity,[1] the 
difficulty in scalability and high-cost deter these approaches from a wide usage. In conventional 
bottom-up routes, SERS substrates prepared by deposition of pre-synthesized metal nanoparticles 
on substrate normally suffer from poor reproducibility due to uneven distribution of the 
nanoparticles, but recent progress in self-assembly greatly makes up for this deficiency.[2-4] A 
relatively new way for production of SERS substrate is metal sputtering and annealing, in which 
the size and distribution of metal particle can be well controlled, and wafer-sized substrates are 
easily obtainable.[5-6]  
 
It is also highly desirable to have reusable SERS substrates due to the high-cost of material (i.e. 
noble metals) and fabrication. It was found that thorough removal of adsorbed analyte molecules 
could, in most cases, only be achieved via heating treatments in oxygen or air but not by solvent 
washing.[7-8] Thus, SERS substrates need to withstand oxidation at high temperatures to be 
reusable. This is especially difficult for silver (Ag) nanoparticle-based substrates. Ag nanoparticles 
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are the most widely used noble metal in SERS application owing to their strong plasmonic 
enhancement, but they are prone to loss of enhancement due to oxidation under ambient condition 
(Ag nanoparticles lose >50% of plasmon enhancement after exposure to ambient environment for 
28 days),[9] let alone at higher temperatures in air. To solve this problem, different approaches have 
been proposed. For example, thin oxide films, such as alumina (Al2O3), silica (SiO2), and zinc 
oxide (ZnO) were deposited on Ag nanoparticles to reduce substrate-induced disturbance, increase 
stability, and sometimes gain reusability.[10-13] However, there is a trade-off between signal 
enhancement and stability. Extremely thin coatings (less than 1 nm) should be used for acceptable 
Raman enhancement, as a Al2O3 coating of 1.5 nm could reduce Raman enhancement by 75%,[14] 
due to exponentially diminished electromagnetic fields from plasmon resonance.[15] On the other 
hand, thicker coatings (more than 5 nm) are required to effectively prevent oxygen penetration.[12] 
Another problem of ceramic coatings is their low affinity for most molecules, which means less 
number of molecules available for analysis and hence weaker SERS signals.  
 
Two-dimensional (2D) nanomaterials which have many unique characteristics and properties 
provide new possibilities for SERS. For example, high Raman scattering has been observed when 
graphene (without metal nanoparticles) is used as SERS substrates,[16-18] though there are still 
arguments on whether chemical enhancement is involved or it is just due to increased 
electromagnetic interference owing to thickness reduction, and fluorescence quenching in 
graphene.[19] Another focus has been combining graphene with noble nanoparticles because 
physical enhancement based on plasmon effect is several orders of magnitude higher than chemical 
enhancement alone. When graphene is used to separate plasmonic metal particles and analyte 
molecules, the signal and reproducibility of SERS could be improved.[6,20-21] Furthermore, 
graphene which is highly impermeable could, in the short term, prevents the underlying metal 
particles from oxidation: Ag nanoparticles veiled by graphene had 20% enhancement drop after 
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exposure to ambient environment for 28 days, whereas >50% drop for a substrate without graphene 
coverage under the same condition.[22] However, such protection is only effective in the short 
term,[23-24] and in the long run it even speeds up oxidation due to galvanic cells formed between 
graphene and the underlying metal.[25-26] In addition, graphene cannot solve the reusability 
challenge because it starts to react with oxygen at only 250 °C.[27] Furthermore, carbon materials, 
including graphene, exhibit strong Raman peaks, which could interfere with the relatively weak 
signals of analyte molecules.[28] 
 
Boron nitride (BN) nanosheets are another important 2D nanomaterial which has many unique 
properties different from graphene. For example, BN nanosheets are wide bandgap insulators and 
thermally stable beyond 800 oC in air,[29] and thus they can be used as barrier to protect metals 
against oxidation and corrosion at high temperatures without galvanic corrosion.[30-31] Recently, 
BN nanosheets have been proven to exhibit excellent sorption performances for a wide range of 
oils, solvents and dyes.[32-33] However, their use in SERS has been much less explored. BN 
nanosheets decorated by Ag nanoparticles have been chemically synthesized in solution, and the 
hybrids showed certain reusability, but with a loss of ~60% of enhancement after the first cycle.[8] 
More recently, Ag particles/BN microfibers have also been produced for SERS application.[34] 
Nevertheless, the full potential of BN nanosheets in SERS application has not been realized: the 
sensitivity and reusability of BN nanosheets enabled SERS substrates still need major 
improvements. For instance, in the two previous studies most of the Ag nanoparticles were on top 
of BN nanosheets, and exposed to air, undermining the reusability. Furthermore, the adsorption 
behavior of BN nanosheets is still mostly unknown. Therefore, this thesis is to explore the special 
adsorption behavior of BN nanosheets for the application of SERS to solve the challenges 
mentioned above. 
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1.2 Thesis objectives 
The aim of this thesis is to explore the application of BN nanosheets in SERS via resolving the 
existing challenges, including low affinity for aromatic molecules, poor reproducibility, high cost, 
non-reusability, etc. as discussed above. The detailed objectives are summarised below: 
1) To study the intrinsic Raman signature of BN nanosheets and extrinsic effects such as strain on 
their Raman spectra; 
2) To investigate the special adsorption behaviour of BN nanosheets towards both hydrocarbon 
and aromatic molecules; 
3) To understand the mechanism of the special adsorption behaviour of BN nanosheets both 
experimentally and theoretically; 
4) To design and fabricate highly sensitive, reproducible, reusable SERS substrates using BN 
nanosheets; 
1.3 Thesis structure 
This thesis has the following structure. An overview of the research work is presented in Chapter 
1. The literature related to synthesis, Raman spectra, surface adsorption, and conformation change, 
and SERS application of BN nanosheets is set out in Chapter 2. The equipment and techniques 
used for synthesis and characterization are listed in Chapter 3. 
 
In the following parts, the results and discussion of Raman spectra of BN nanosheets and the 
effects of strain on Raman frequency, special adsorption behaviour of BN nanosheets, and the 
application of BN nanosheets on SERS are presented in the form of publications. In detail, 
Publication 1 (accepted by Nanoscale) is a copy of the manuscript entitled of Raman signature and 
phonon dispersion of atomically thin boron nitride. There, blue shifts in the G band frequency have 
been observed on BN nanosheets compared to that of bulk hBN crystal, and the shift increases 
Chapter 1. Introduction 
5 
 
with and reduction of BN thickness. The substrate-induced strain has been demonstrated to 
contribute to the Raman frequency shift of BN sheet both experimentally and theoretically. 
Publication 1 which contains these Raman investigations serves as a footstone for Publication 2 
(published in Advanced Functional Materials) which describes how Raman spectroscopy is used 
to study the unique surface adsorption behaviour of BN nanosheets. We find that atomically thin 
BN nanosheets has a stronger adsorption capability than bulk hBN because of conformational 
change in BN nanosheets. It is confirmed by the G band frequency shift of BN nanosheets (induced 
by strain) after molecule adsorption and theoretical calculations. Such a property is valuable in 
many applications, such as SERS. In Publication 3, which has been published in Physical 
Chemistry Chemical Physics, BN nanosheets are placed underneath gold nanoparticles for SERS. 
The substrate is produced by sputtering and annealing method, in which the particle density, size, 
and distribution are controllable. Interestingly, BN nanosheets enabled SERS substrates show 
stronger SERS signals than bulk BN one. In order to further improve sensitivity and reusability, 
BN nanosheets are used to veil silver and gold nanoparticle for SERS, as presented in Publication 
4 and 5, which have been published in Angewandt Chemie and ACS applied materials & 
interfaces, respectively. The substrates are highly sensitive and reusable for tens of times due to 
the special properties of BN nanosheets. In addition, such sensor is also reproducible and 
homogeneous. Finally, conclusions and future work are presented in Chapter 4.  
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Chapter 2. Literature Review 
In this chapter, previous work related to the synthesis technique, Raman spectra, surface 
adsorption, conformation change, and surface enhanced Raman spectroscopy (SERS) application 
of boron nitride (BN) nanosheets are reviewed, and knowledge gaps and challenges are 
highlighted. 
2.1 Boron nitride nanosheets 
Boron nitride (BN) is a synthetic III-V chemical compound consisting of an equal proportion of 
boron (B) and nitrogen (N) atoms. It has various crystalline forms, such as cubic, wurtzite, and the 
most common form, hexagonal. Hexagonal boron nitride (hBN) is a structural analogue of graphite 
with an in-plane lattice of 0.25 nm and interlayer distance of 0.334 nm as illustrated in Figure 2-
1a, b. hBN has excellent thermal and chemical stabilities. It does not decompose until 1000 oC in 
air and not soluble in most acids. hBN is usually used as a solid lubricant in harsh environments, 
ultraviolet-light emitters, and insulating thermoconductive fillers in composites.[35-38]  
BN nanosheets, atomically thin hBN, have a similar honey-comb structure as black graphene 
(Figure 2-1c,d), but are white in color, so they are sometimes called as white graphene. The bond 
length of B-N in BN nanosheets is 1.44 Å, compared to 1.42Å of C-C bond in graphene. BN 
nanosheets have many properties similar to those of graphene due to the similar structure. For 
instance, the calculated Young’s modulus and breaking strength of monolayer BN are 0.71-0.97 
TPa and 120-165 GPa, respectively, which are close to those of graphene (1.0 TPa of Young’s 
modulus and 130GPa of breaking strength). BN nanosheets also possess many distinct properties. 
For example, BN nanosheets are efficient in emitting light in deep ultraviolet and UV regions, 
which are not available for graphene.[39] Unlike semi-metal graphene, BN nanosheets are electrical 
insulating with a wide band gap of ~6eV, and therefore BN nanosheets can be a dielectric substrate 
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for graphene and MoS2 based electronics.[40-41] Furthermore, they have excellent thermal stability 
which enable them withstand thermal treatment in air beyond 800 oC.[29] Accordingly, combining 
with the property of gas impermeability, BN nanosheets can be ideal material for metal protection 
against oxidation and corrosion without galvanic reaction.[30-31]  
 
Figure 2-1. Structural scheme of (a) graphite; (b) hBN; (c) graphene; (d) BN nanosheet. 
2.1.1 Preparation of BN nanosheets 
In order to investigate the distinguished properties of BN nanosheets, various techniques have been 
explored to produce BN nanosheets, including mechanical cleavage,[42-44] wet-chemical 
exfoliation,[45-46] ball milling,[47-48] and chemical vapour deposition (CVD).[49-50] In addition, BN 
nanoribbons, a special kind of BN nanosheets, can be prepared by unzipping of BNNTs.[51-52] Each 
method has its advantages for specific targeted application, but also disadvantages. For example, 
mechanically exfoliated BN nanosheets are usually high in structure quality with less defects and 
pinholes and are highly suitable for exploration of their intrinsic properties, but their lateral sizes 
are not large enough for practical applications, for example, metal protection.[30-31] Furthermore, it 
is more difficult to exfoliate BN nanosheets than graphene due to the stronger interlayer interaction 
of BN.[53] In comparison, CVD method is an ideal approach to prepare BN nanosheets with large 
lateral sizes, however, the products have lower crystallinity than that produced via mechanical 
exfoliation. Details of these methods are described below.  
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2.1.1.1 Mechanical cleavage 
After the successful use of Scotch adhesive tape to isolate monolayer graphene,[54] the method 
known as mechanical cleavage or Scotch tape technique has been widely used to exfoliate layered 
compounds, such as NbSe2 and Bi2Sr2CaCu2Ox.[54-56] BN nanosheets could also be produced by 
peeling an adhesive tape with hBN crystals and pressing it onto a targeted substrate. A number of 
scientists have successfully prepared atomically thin BN nanosheets for their researches using this 
technique (Figure 2-2).[42-43] Therefore, synthesis of high quality single crystal hBN is highly 
desirable for the exfoliation of BN nanosheets with less defects and large lateral sizes.  
 
Figure 2-2. Optical images of BN nanosheets on top of a 90 nm SiO2/Si wafer (the lower part is a 
monolayer).[43] 
Recently, high-purity hBN single crystals, whose oxygen and carbon concentrations were less than 
1018 atoms/cm3, were synthesized at 1500 oC under 4.5 GPa via solution/precipitation methods 
using Ba-BN as a solvent (Figure 2-3).[57] Monolayer BN has been successfully exfoliated from 
the single crystalline hBN.[43] In their experiment, single layer (1L) BN nanosheets can be hunted 
on Si substrate with 90 nm thick SiO2 layer on top under an optical microscope. The special 
substrate can greatly increase the white-light contrast of monolayer BN to ~2.5% thanks to light 
interference. Mechanical cleavage approach is an ideal technique to prepare highly crystallized 
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BN nanosheets (monolayer, bilayers, and trilayers) with a low defect density for exploration of 
their intrinsic properties.[29] However, it is harder to isolate single- and few-layer BN than graphene 
partly due to the stronger interlayer interaction of hBN.[53] Furthermore, the Scotch tape method 
can hardly be scaled up.  
 
Figure 2-3. Secondary ion mass spectrometry (SIMS) depth profile of hBN crystal grown in 
degraded Ba-BN.[57] 
2.1.1.2 Ball milling 
Compared to extremely low yield of Scotch tape technique, ball milling method is an ideal 
technique for BN nanosheets production with larger yield.[47] Instead of the direct peeling force of 
Scotch tape, shear force from milling balls is used to peel each particles hundreds of times, and 
treat tens of thousands of hBN particles during ball milling treatment. In contrast to the 
conventional ball milling treatments which destroy and disorder crystal structures,[58] a mild ball 
milling was applied to peel h-BN particles into highly crystalline BN nanosheets with hundreds of 
nanometers in diameter and a few nanometers in thickness, (as shown in Figure 2-4).[47] Moreover, 
hundreds gram of BN nanosheets could be produced in one time.[47] Additionally, Liu et al.[59] also 
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reported a solid exfoliation method for BN nanosheets preparation by ball milling of h-BN with 
ammonia-borane. The thickness of the resultant products is less than 2 nm, corresponding to 2 to 
10 layers. Therefore, mild ball milling is an ideal method to produce a large amount of BN 
nanosheets of few-layers. Nevertheless, small amounts of point defects and impurities are still 
present in BN nanosheets created by milling process.[47,60] More important, it is hard to produce 
defect free monolayers with large lateral sizes by ball milling method.  
 
Figure 2-4. SEM images and corresponding diagrams illustrating two observed exfoliating 
mechanisms under the shear force created by milling balls: (a), (b) cleavage from the edge of an 
hBN particles; (c), (d) thin sheets peeling off the top surface of an hBN particle.[47]  
2.1.1.3 Wet chemical exfoliation 
Wet chemical exfoliation method is one of the most promising approaches for BN nanosheet 
preparation due to its cost-effectiveness, versatility and easiness to scale up.[53] For instance, Zhi 
and co-workers reported that BN nanosheets, less than 20 layers, were directly peeled off from 
bulk BN powder in dimethylformamide (DMF) for polymeric nanocomposites.[45] However, the 
production yield of BN nanosheets is low due to relatively stronger interlayer interaction between 
BN layers.[53,61] Therefore, a series of solvents, such as isopropanol,[46] basic water,[62] ethanol-
water,[63]  and methanesulfonic acid[64] were applied to improve the yield of BN nanosheets. It is 
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worth pointing out that the concentration of BN nanosheets could reach 0.3 mg/ml by 
methanesulfonic acid treatment (Figure 2-5). In recent years, aromatic molecules and water-
soluble polymer electrolytes have been widely used for the functionalization and solubilisation of 
graphene via hydrophobic and/or π-stacking interactions between graphene and functionalization 
agents. Due to their dimensional similarity and isoelectronic structure, some reports showed that 
the method for functionalizing graphene can be also applied to BN nanosheets. For instance, 
polyvinyl alcohol have been reported to successfully stabilize BN nanosheets.[65] Wet chemical 
exfoliation method is a good approach for BN nanosheets preparation, however the contamination 
from functionalization agents is inevitable, and have an influence on the research of the intrinsic 
properties of BN nanosheets. Furthermore, defects are introduced during the functionalization 
process.  
 
Figure 2-5. (a), (b) TEM images of a nine-layer BN nanosheet. (c), (d) TEM images of a four-
layer BN nanosheet. (e) A representative AFM image and height profile of BN nanosheet.[64]  
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2.1.1.4 Chemical vapor deposition 
Chemical vapor deposition (CVD) is one of the most promising scalable approaches to synthesize 
BN nanosheets of large lateral sizes, highly desirable for the investigation of their properties.[48-50] 
An ambient CVD method was first reported to produce transferable few-layered BN with 
continuous areas up to a few cm2 by Song and co-workers.[49] However, the BN nanosheets from 
the CVD method commonly contains large impurity particles from the decomposed precursor 
which is transferred into the growth zone by carrier gas.[66] These impurities, to some extent, could 
affect their use in electrics. To reduce impurity particles, a modified CVD system without carrier 
gas was proposed, and as a result, clean BN nanosheets were successfully produced.[66] This was 
because BH3-NH3 vapour from decompose precursor can diffuse into the growth zone but not the 
heavier impurity particles. Analytical results indicated that the BN nanosheets were smooth 
monolayers with a surface roughness of 0.181 nm, and the area of the BN monolayer was over 
centimeters. However, the BN nanosheets larger than 4 μm2 usually contained multiple domains 
as different sets of crystalline orientations were shown in electron diffraction.[66] Recently, Lee 
and co-workers[52] reported that BN nanosheets of impurity-free and atomically flat could be 
produced by a CVD method similar to that reported by Song et al.[49] using Cu foil as substrate 
whose surface morphology was enhanced by a combined thermal annealing and chemical 
polishing technique. The BN nanosheets exhibited good performance as dielectric substrates for 
graphene-based field effect transistors (FETs). Additionally, few-layered BN (thickness 5-50 nm) 
were successfully produced by CVD using borazine as a precursor and Ni as substrates.[48] A 
simple low-pressure CVD (LPCVD) method was reported for the growth of high quality 
monolayer BN using ammonia borane and Pt foil as the precursor and substrate, respectively 
(Figure 2-6).[50] The size of the resultant monolayer BN could be as large as the Pt foil substrate 
and they could be transferred onto an arbitrary substrate by bubbling-based method rather than 
etching-based methods commonly used for Cu and Ni substrates,[48,66] resulting in repeatable use 
Chapter 2. Literature Review 
13 
 
of the Pt substrate for more than 100 growth cycles. More recently, large-area multilayer and single 
layered hBN were successfully synthesised by CVD method using metal film as catalyst.[67-69] 
Nevertheless, in this research work, high-quality BN nanosheets are needed for Raman 
spectroscopy study and intrinsic surface properties, therefore, mechanical exfoliation of single-
crystal BN was used to produce BN nanosheets samples. 
 
Figure 2-6. Optical photo (a) and SEM image (b) of single layered hBN transferred on SiO2/Si 
substrate produced by CVD.[50] 
2.2 Raman spectra of BN nanosheets 
Raman spectroscopy is a powerful technique to observe vibrational, rotational, and other low-
frequency modes in a system, and it is commonly used in chemistry, physics and biology to provide 
a fingerprint for rapid, precise and robust molecule identification. When incident light (laser) 
irradiates on atom or molecules, most photons are elastically scattered, known as Rayleigh 
scattering, and small fractions of photons are inelastic scattered with lower (higher) energy than 
incident phonons, known as Stokes scattering (anti-Stokes scattering). The shift in energy gives 
information about the vibrational modes of the system. Since the discovery of graphene, a large 
number of Raman studies have been done on this material. The frequency, relative intensity, width, 
and shape of Raman bands of graphene deliver basic information on strain, defect density, doping, 
thermal properties, edge chirality, and the number of layers.[70-78] Furthermore, stacking order in 
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bilayer graphene could also be determined by Raman spectra.[79-80] Comparing with a great deal of 
studies have been done on Raman spectroscopy of graphene, much less relevant works focus on 
BN nanosheets. In this part, progress on Raman signatures of graphene and BN nanosheets are 
reviewed.  
2.2.1 Background: Raman spectra of graphene 
2.2.1.1 Phonon dispersion in graphene 
The unit cell of graphene contains two atoms, and therefore there are six phonon dispersion bands 
(Figure 2-7): three acoustic (A) and three optical (O) phonon branches. Two acoustic and two 
optical phonon branches are in-plane (i), and the other two are out-of-plane (o). Depending on the 
direction of the zone-center mode (parallel with or perpendicular to the carbon-carbon bonds), the 
phonon modes are classified as transverse (T) or longitudinal (L). Along with high symmetry ΓM 
and ΓK directions, the six phonon branches are assigned to iLO, iTO, oTO, iLA, iTA and oTA, as 
shown in Figure 2-7.  
 
Figure 2-7. Phonon dispersion of graphene. The phonons associated with important Raman bands 
are highlighted. The T, K, and M symmetry points are shown.[81] 
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The optical iLO and iTO modes are responsible for the main Raman bands detected in graphene, 
namely G, 2D and D band. In graphene, the G band at ~1580 cm-1, corresponding to an in-plane 
sp2 C-C stretching mode with E2g irreducible representation, is the main first order Raman band. 
Figure 2-8a shows two stretching modes of G band in graphene. The 2D band at ~2700cm-1, 
involving two iTO phonons near the K point, is a second order Raman band from the in-plane 
breathing-like mode of the carbon rings, as shown in Figure 2-8b. The D band at ~1350 cm-1 under 
2.41 eV laser excitation is known as disorder-induced band. The band involves an iTO phonon 
around the K point like the 2D band, and a defect (such as sp3-defects,[82] a vacancy sites,[74] grain 
boundaries,[83] an edge,[70] etc.) is required for the momentum. It is worth noting that the shape and 
frequency of the D band can vary dramatically under excitation at different energies.   
 
Figure 2-8. (a) Sketch of G band vibration modes for iTO and iLO phonons at T-point. (b) D band 
vibration modes for the iTO at phonon at the K-point.[81] 
2.2.1.2 Raman spectra of graphene 
The quality and layer number of graphene can be investigated under Raman spectroscopy. Figure 
2-9 displays Raman spectra of graphene of different thicknesses. No D band was shown, indicating 
the graphene samples were defects free. Compared to a sharp 2D band of monolayer graphene, the 
2D bands from the bilayer, trilayer, and multilayer are wider, more complex, and upshifted. In 
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addition, the intensity of G band of monolayer graphene is lower than that from few-layer ones, 
and the G band intensity changes proportionally with layer number (as shown in figure 2-9a).[84] 
In addition, the layer number of graphene could be determined by the ratio of the intensity of G 
band (IG) to that of 2D band (I2D).  For example, monolayer shows IG/I2D=0.5, and IG/I2D=1 for 
bilayer. Such method has been successfully used to differentiate graphene less than 5 layers by 
Ferrari et al.[71] Furthermore, the ratio of intensity of D band (ID) to IG could be used to study the 
disorder in graphene[85-87].  
 
Figure 2-9. (a) The Raman spectra of monolayer, bilayer, trilayer and four-layer graphene on 300 
nm SiO2/Si substrate; (b) enlarged 2D band region with curve fits.[84] 
2.2.1.3 Effect of strain on Raman spectra of graphene 
As mentioned above, G band originates from the in-plane, doubly degenerate phonon from iTO 
and iLO branches with E2g symmetry at Γ point. Both strain[73,88-90] and doping[72,91-93] play a 
significant impact on the position and width of the G band. In general, G band is downshifted due 
to tensile strain and upshifted due to compressive strain with a rate of 57 cm-1/% in the case of 
biaxial strain.[94] The G band splits into two components under uniaxial strain: one polarized along 
the strain (G＋), and the other perpendicular (G－). Both peaks downshift, and splitting increases 
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with the increase of strain. On polymer substrate, the shift rates of G＋ and G－ are about -11 and -
32 cm-1/%, respectively, as shown in Figure 2-10.[73] For suspended graphene, the rates are 
approximately -19 and -37 cm-1/%, respectively.[95] The 2D band is sensitive to strain as well and 
shifts at the rate of around ~60 cm-1/% in the same direction as the G band.[73] In contrast, only 
few works have been focusing on strain-related Raman spectra of BN nanosheets.  
 
Figure 2-10. Positions of the (a) G+ and G- and (b) 2D peaks as a function of uniaxial strain 
applied to graphene. The lines are linear fits to the data. The slopes of the fitting lines are also 
indicated.[73]  
2.2.1.4 Effect of charge transfer on Raman spectra of graphene 
Both the G and 2D bands of graphene are significantly affected by carrier concentration, and this 
has been extensively explored for years. Das et al. shown that the frequency of the G band reaches 
a minimum when the Fermi level is at the Dirac point and the G band upshifts and becomes 
symmetrically narrower as the concentration of holes or electrons increases. The 2D band upshift 
(decrease) in frequency as hole (electron) concentration increases, as shown in Figure 2-11.[72] In 
contrast, Dong et al. shown that surface adsorbed aromatic molecules with electron-withdrawing 
groups upshift both G and 2D bands of monolayer graphene, whereas those with electron-donating 
groups upshift the 2D band but downshift the G band, as shown in figure 2-12. The electronic 
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effect is believed to contribute to the stiffening or softening of phonon and hence the Raman 
frequency.[92] In addition, it is also shown that the G band split into two peaks when graphene is 
dispersed in tetrasodium 1, 3, 6, 8-pyrenetetrasulfonic acid (TPA).[96] In that case, TPA was 
thought to alter the electron density distribution of graphene, resulting in phonon symmetry 
breaking at the Γ point which splits the Raman G band.[96] However, the influence of doping in the 
G band of BN nanosheets is negligible, since they are insulators with wide bandgaps.[43]  
 
 
Figure 2-11. (a) Frequency of the G peak of graphene as a function of electron and hole doping; 
(b) frequency of the 2D peak as a function of doping.[72]  
 
 
Figure 2-12. Effect of molecular doping on the Raman frequency of G and 2D bands of 
graphene.[92]  
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2.2.2 Raman spectra of BN nanosheets 
Compared to extensively exploration on Raman spectra of graphene, only a few theoretical and 
experimental studies have been focusing on Raman spectra of BN nanosheets.  Similar to 
graphene, BN nanosheets also have six phonon branches, namely, LO, TO, LA, ZO (out of plane 
transverse optical phonon branch), TA and ZA (out of plane transverse acoustic phonon 
branch),[97] as shown in Figure 2-13. The LO and TO modes are responsible for the Raman G band 
of BN nanosheets. The published Raman results on BN nanosheets of different thicknesses are not 
in good agreement with each other.[43,98] Gorbachev and co-authors reported that the intensity of 
Raman G band increased with addition of layer number of BN nanosheets, and its frequency 
upshifted for monolayer (1L) and downshifted for bilayer (2-6L) compared to that of bulk hBN 
(Figure 2-14).[43] Strain induced by uneven SiO2 substrate was used to explain the upshift of G 
band of monolayer BN, while it fails to explain the downshift of 2-6L BN. On the other hand, Li 
et al. reported that Raman peak in atomically thin (1L, 2L and 3L) shifted upwards in respect to 
that of bulk hBN at 1366.6 cm-1, and such shifts increased with the reduction of layer number 
(Figure 2-15).[98] Therefore, in order to fully understand the physical and chemical properties of 
BN nanosheets as well as the use of Raman spectroscopy to study these materials, both experiment 
and theory was conducted to reveal the intrinsic Raman signature of monolayer and few-layer BN 
in this work.  
 
Figure 2-13. Phonon dispersion of 1L BN.[97] 
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Figure 2-14. (a) Raman spectra of atomically thin BN. The left inset display changes in integrated 
intensity IT with the layer number N. The right picture illustrates the E2g phonon mode responsible 
for the Raman G band. (b) Frequency of the Raman G band for BN of different thicknesses (N).[43]  
 
Figure 2-15. Normalized Raman spectra of 1-4L BN nanosheets and bulk hBN on SiO2/Si 
substrate.[98] 
2.3 Surface adsorption capability of BN nanosheets 
The surface adsorption property of graphene has been extensively explored in recently years, due 
to its large surface area, controllable defects, and rich in π bonds to form π-π interaction with 
aromatic molecules.[99] For example, graphene based SERS substrate possess higher sensitivity 
compared to conventional substrates partly because of the superior adsorption capability of 
graphene towards aromatic molecules.[100-101] Furthermore, the adsorption of molecules affects the 
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electronic structure, band gap, resistance, electronic mobility and doping type of graphene.[92,96] 
For instance, an n-type doping of graphene can be easily obtained through the deposition of 
electron-donor molecules.[92]  
 
In contrast, surface adsorption of BN nanosheets has been much less explored. Some porous 
layered nanomaterials have been developed and proven to have excellent adsorption properties. 
For example, BN nanocarpets consisted of thin BN nanosheets and a large amount of twisted 
nanorods rooted onto these nanosheets were successfully synthesized recently and exhibited 
selective adsorption property of aromatic compounds enabling separation and recovery of valuable 
organic compounds from wastewater. Strong π-π interaction between aromatic molecules and BN 
nanosheets, large surface area and high density of defects are believed to be the three main reasons 
for the high adsorption performance.[33] More recently, porous BN nanosheets with extremely high 
surface area was produced and highly active for organics adsorption including a wide range of oil, 
solvents, dyes and pharmaceutical.[32,102] They can adsorb organics of up to 33 times of their own 
weight from contaminated water. Furthermore, the saturated BN nanosheets can be regenerated 
for reuse by burning or heating in air due to their outstanding thermal stability against oxidation.[32] 
A theoretical study was conducted to explain the adsorption behavior of porous BN nanosheets, 
showing that the defective area (i.e. vacancy) can provide favorable conditions for the strong 
covalent binding between boron or nitride atoms and the fragments of adsorbate molecules. 
Furthermore, the significant change of the charge distribution on the atoms along the perimeter of 
the defect will loosen or weaken the bonds between the atoms in the adsorbed molecules.[103]   
2.4 Conformational change due to surface adsorption 
Macromolecular and biomolecular adsorbates, such as protein, ligand, peptide and DNA,[104-105] 
can have distorted shapes and structures due to the interfacial interaction with adsorbents. Such 
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phenomenon is called conformational change. Conformational change increases adsorption energy 
and greatly affects the chemical and biological activities of the adsorbed molecules.[106] However, 
this phenomenon has been rarely observed on adsorbents, because conventional adsorbents, such 
as activated carbon, porous alumina and zeolites, are rigid and unable to deform upon surface 
adsorption. In contrast, two-dimensional (2D) nanomaterials have small bending moduli[63,107-108] 
and may experience conformational changes due to physisorption of molecules. However, both 
theoretical and experimental studies on deformation of 2D nanomaterials after surface adsorption 
are lacking. Very recently, scanning tunneling microscopy (STM) showed periodic fluctuations of 
monolayer graphene on a deformable substrate after the surface adsorption of n-alkane 
supramolecular structures, but on a less flexible substrate (e.g. bulk hBN), as shown in Figure 2-
16.[109] Additionally, there have been few theoretical studies on this unique phenomenon either.[110] 
In contrast, no study shows such conformation change happening to BN nanosheets, which is one 
of the main research projects in this thesis.   
 
 
Figure 2-16. Diagram of curvature of graphene induced by n-alkane adsorption.[109] 
2.5 Surface enhanced Raman scattering 
Due to its inherent weak signal, Raman spectroscopy was neglected for practical applications at 
the earlier age after the first discovery of Raman phenomenon.[111] The situation did not change 
until the report of Jeanmaire and Van Duyne[112] which showed that the Raman signal of pyridine 
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was dramatically enhanced when the probe molecule was placed on an electrochemically 
roughened silver electrode, which was referred as surface enhanced Raman scattering (SERS) 
since then. A great number of efforts have been paid towards both understanding of the origin of 
the SERS effect and development of effective but affordable SERS substrates resulting in 
substantial theoretical and experimental progress.  
2.5.1 Mechanism of SERS 
There are still many controversies on its mechanism, although SERS has been extensively 
investigated.  Actually, no complete picture of the enhancement mechanism is available so far. 
Nevertheless, electromagnetic mechanism (EM) and chemical mechanism (CM) are the two 
widely accepted mechanisms.[113-115] 
2.5.1.1 Electromagnetic mechanism 
EM is based on local electromagnetic fields which are based on surface plasmon effect excited by 
the incident light. The enhancement of local electromagnetic field can magnify the intensity of 
incident laser, which in turn excites the Raman modes of adsorbates, and therefore increases their 
Raman signals. Furthermore, Raman signal can also be magnified by the local electromagnetic 
fields, increasing its output. The total enhancement is roughly proportional to E4, as the 
electromagnetic field can have enhancement in the order of E2 in both stages, where E is the 
intensity of the electromagnetic field.[116-117] Practically, EM enhancement can be 108 or higher. 
However, the enhancement highly depends on the type of metal, its roughness (sizes) and shapes, 
so a good substrate is considered as one of the most important factors to get strong enhancement. 
To date, numerous methods have been explored to create rough metal surfaces for SERS, such as 
electrochemical method,[118] vacuum evaporation,[119] nanosphere lithography,[120-121] nanocrystal 
colloids[122-123] and so on. Generally, silver and gold are most commonly used noble metals for 
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SERS experiments,[124-125] because their plasmon resonance frequencies fall within these 
wavelength ranges of visible and near-infrared radiation (NIR), providing maximal enhancement 
for visible and NIR light.[126]  
2.5.1.2 Chemical mechanism 
Compared to EM, CM is based on electronic coupling between adsorbed molecules and substrate. 
Charge transfer between molecules and substrate creates more separated positive or negative 
charges in the molecules, resulting in the increase of molecular polarizability, and therefore the 
increase of the cross-section of Raman scattering. However, the enhancement factor of CM is only 
about 10-100.[16] CM is usually believed to be a “first layer effect”, and some works have shown 
that the first monolayer of adsorbed molecules often exhibits a much larger SERS cross section 
than that from the second layer. Additionally, EM is a long-range effect that requires the substrate 
to be rough, while CM is a short-range effect occurring on the molecular scale, which means it 
requires the molecule to be contact with the substrate or very close to the substrate. Therefore, two 
conditions are required for the occurrence of charge transfer between adsorbed molecules and 
metal particles: (1) the distance between the molecule and the substrate should be very close (< 
0.2 nm), (2) the Fermi lever of the metal substrate should symmetrically match the highest 
occupied molecule orbital (HOMO) and lowest unoccupied molecule orbital (LUMO) of the 
adsorbate.[16,127-128]  
2.5.2 Application of graphene in SERS 
In addition to its potential applications on biological sensors, electric devices, and energy storages, 
graphene is also an ideal material for SERS as substrate, probe, and protective coating and other 
applications, due to its advantages, including unique electron and phonon structures, 
impermeability, atomic thickness, and chemical inertness.[99] A detailed review is given below. 
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2.5.2.1 Graphene used as a SERS probe 
The study of graphene as a SERS probe mainly focused on two aspects: (1) probing the fine 
structure of graphene itself, (2) evaluating the enhancement of analytes. In most cases, graphene 
was placed on a 300 nm-SiO2 covered Si substrate,[129-132] because the SiO2/Si substrate not only 
facilitate optical visibility of monolayer graphene[93,133] but also enhance the Raman signals of 
graphene.[134-135] For example, Cheng’s group reported that the Raman intensity of graphene on a 
Si/Ag/Al2O3/graphene substrate can be 103 times higher than that on a Si substrate (Figure 2-
17).[135] Two Raman peaks of graphene at 1450 and 1530 cm-1 which were assigned to vibrations 
from edge atoms were able to be observed on the special substrate. These peaks were undetectable 
from graphene on Si wafer.[134] Furthermore, gold films were found to enhance Raman signal of 
graphene by 120 times, and its D band can be selectively enhanced.[136] Some adsorbates, 
especially dyes, cannot meet the requirement as a SERS probe to evaluate the performance of the 
SERS substrate, because they are laser sensitive and hence poor reproducible.[99] Nevertheless, 
graphene has been successfully used to evaluate the performance of thickness-dependent SERS 
activity of gold films which prepared by thermal vacuum evaporation method.[20]  
 
 
Figure 2-17. (a) Schematic of laser penetrating through a typical SMO substrate of Si/Ag/Al2O3 
with graphene on it. (b) Raman spectra of graphene on a Si substrate with 72 nm thick Al2O3 layer 
and different thicknesses of Ag film.[135]  
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2.5.2.2 Graphene as a SERS substrate: graphene enhanced Raman scattering  
 Graphene enhanced Raman scattering (GERS) was discovered accidently by Ling et al. who 
showed that graphene can greatly enhance the Raman intensity of some organic molecules, such 
as tape residue from mechanical exfoliation process (Figure 2-18).[16] The detection limit of GERS 
can be as low as 0.8 nM for rhodamine 6G, and 20 nM for protoporphyrin IX (Figure 2-19) [16] 
which is comparable to the sensitivity of conventional SERS substrates based on noble metals. 
CM is considered to contribute to the enhancement, so GERS provides a model system for the 
investigation of CM enhancement. Another important reason for such impressive enhancements is 
that graphene can gather analyte molecules via π-π interaction.[16,99]  
 
Figure 2-18. Schematic illustration of molecules on graphene siting on a SiO2/Si substrate, and 
the Raman experiments.[16]  
 
 
 Figure 2-19. Comparison of Raman signals of R6G and PPP deposited on graphene (red line) 
and on a SiO2/Si substrate (blue line) using vacuum evaporation at 514.5 nm excitation and 632.8 
nm excitation. (a,b) R6G, (c,d) PPP: (a,c) Excitation at 514.5 nm; (b, d) excitation at 632.8 nm. 
The peak marked by the star (*) is the G band of graphene.[16]  
Chapter 2. Literature Review 
27 
 
2.5.2.3 Graphene as a molecular enricher for aromatic analytes 
As mentioned above, SERS is attributed to two possible sources: EM which is based on surface 
plasmon resonance (with an enhancement factor of 106-108) and CM which is based on charge 
transfer (with an enhancement factor usually of 10-100).[16,113] It is obvious that EM is much more 
effective in Raman enhancement. Therefore, graphene has been used with plasmonic metal 
nanoparticles for SERS.[100-101,137-146] For example, Lu et al. reported that Au or Ag nanoparticles-
decorated reduced graphene oxide on Si wafer formed a sensitive SERS substrate, and the 
detection limit can be as low as the level of nM (Figure 2-20).[100] 
 
Figure 2-20. The plots of Raman intensity vs. concentration of (A) R6G, (B) MV, (C) RB and (D) 
MB, which were adsorbed on Ag NPs-rGO/Si substrate. Inset images show Raman spectra of the 
respective molecules at concentrations of 10 nM, 10 nM, 1 nM and 1 nM, respectively.[100] 
Similarly, Hu and co-workers showed that Au nanoparticles can be deposited on reduced graphene 
oxide by electrochemical method, and this system could serve as an effective SERS substrate for 
detection of molecules (rhodamine B) at low concentrations.[101] Moreover, graphene oxide 
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hybridized with silver particles could detect folic acid in both water and serum, and a detection 
limit down to 9 nM was realized.[147] The high sensitivity was mainly attributed to π-π interaction 
between graphene and probe molecules. In other words, graphene acted as a “magnet” for capture 
of aromatic molecules. In contrast,  conventional metallic SERS substrates are not efficient in 
adsorption of these molecules.[99] 
2.5.2.4 Graphene as a spacer for surface passivation 
Graphene has also been used as a spacer to separate plasmonic metal nanoparticles from analyte 
molecules. For traditional SERS substrates, probe molecules are in touch with metal nanoparticles 
which are efficient catalysts for many oxidation/reduction reactions. As a result, chemical 
interactions, adsorption-induced vibration, photo-induced damage, metal-catalysed side reaction, 
and charge transfer can happen on SERS substrate, which not only reduce the signal intensity but 
also introduce extraneous peaks that make the analysis difficult.[99] To eliminate these 
disturbances, thin and pinhole-free coatings have been deposited on metal nanoparticles for SERS. 
This new type of technique is called shell-isolated SERS. Al2O3,[10-11] SiO2,[11] diamond-like 
carbon[148] and graphene[6,149] have been proved to be ideal shells  to isolate SERS substrates. It is 
worth pointing out that sub 1-nm alumina layer can greatly stabilize the silver-decorated SERS 
substrate (with shelf life longer than 9 months).[57] Compared to Al2O3 and SiO2, graphene is much 
more suitable for the shell-isolated SERS due to its seamless structure and atomic thickness. 
Furthermore, both experimental and theoretical results have shown that graphene does not 
dramatically weaken the electric field from the underlying Ag or Au nanoparticles.[149-150] After 
comparing SERS signals from graphene covered region and bare metal region, Xu et al.[149] 
conclude that graphene coverage provides a cleaner baseline and is less likely to suffer from the 
aforementioned disturbances. As shown in Figure 2-21, when graphene was used to cover Ag and 
Au nanoparticles, “clean” Raman spectra of the analytes were obtained; in contrast, many 
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extraneous or extrinsic peaks were observed when bare Ag or Au substrates were used. 
Furthermore, graphene can also protect underlying silver particles against oxidation. Oxidation in 
ambient environment can greatly reduce the effectiveness of Ag nanoparticles for SERS, as their 
Raman enhancement dropped 51.4% after 28 days.[9] Graphene coverage can keep the activity of 
Ag-based SERS substrates for the same period of time under the same condition. 
 
Figure 2-21. Surface passivation of metal substrates by graphene for SERS. (a) Traditional SERS 
with various possible metal-molecule interactions. Au and Ag nanoparticles show different SERS 
features of R6G, as marked by red arrows. (b) Graphene-shell-isolated SERS. The presence of 
graphene brings down the difference of metal enhancers, as Raman features of R6G from Au and 
Ag nanoparticles are similar.[149] 
2.5.3 Application of BN nanosheets for SERS 
In contrast to the large number of studies on graphene for SERS, the use of BN nanosheets has 
been much less investigated. Ling et al. studied the Raman enhancement by BN nanosheets via 
chemical mechanism (CM), but the enhancement factor was small and not practically useful.[151] 
Lin et al. combined BN nanosheets with Ag nanoparticles by a solution process and demonstrated 
the reusability of BN nanosheets-based SERS substrates.[8] However, the enhancement of such 
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substrates decreased 60% after the first cycle of reuse (Figure 2-22a). More recently, Dai et al. 
used solution process to produce porous BN microfibers decorated by Ag nanoparticles, and the 
structure could efficiently capture analyte molecules for improved Raman signals and be reusable 
after heating (Figure 2-22 b,c).[152] It can be expected that there is still room to further improve the 
design and effectiveness of BN nanosheets based SERS substrates. 
 
Figure 2-22. (a) SERS response of Ag-BN nanosheet sensing devices toward a rhodamine 6G 
solution after different number of reusable cycles by heat treatment.[8] (b) Raman spectra of 
rhodamine B (10-5 M) on BN/Ag substrate during 20 cycles of recyclability tests. The black line is 
the spectrum from the BN/Ag substrate after 400 oC heating. (c) Raman spectra of rhodamine B 
from the BN/Ag substrate after reusability tests.[152]  
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Chapter 3. Experimental Techniques 
In this chapter, chemicals and instruments used for the experiment are introduced, and the 
characterization techniques are presented in detail. All the chemicals were used as received.  
3.1 Chemicals and materials 
Table 1. Chemicals and materials 
Name Purity Company 
rhodamine 6G (R6G) Analytical standard Sigma-Aldrich 
4-mercatobenzoic acid (4-MBA) 99% Aldrich 
copper (II) phthalocyanine (CuPc) >99% Aldrich 
fluorene 98% Aldrich 
dibenzosuberane 98% Aldrich 
9,10-dihydroanthracene 97% Aldrich 
hexagonal boron nitride crystal C&O < 1018 At./cm3 Japan 
silver target >99% Leica 
gold target >99% Leica 
3.2 Synthesis and processing instruments 
3.2.1 Sputtering system 
In the sputtering system, a metal target (usually gold, silver, or platinum) is bombarded with heavy 
gas ion (usually Ar+), resulting in the metal atoms ejected from the target by the ionised gas cross 
the plasma to deposit onto the sample surface. In this work, metal films (gold and silver) were 
deposited on Si wafer and/or BN nanosheets by sputtering method. A Bel-Tec sputter (model SCD 
050) was used for this purpose (Figure 3-1). The thickness of metal films could be controlled by 
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sputtering time and current. Ar was introduced as the sputtering gas. Gold and silver films of 8-10 
nm in thickness could be produced at 40 mA, 20-40s.  
 
Figure 3-1. SCD 050 Bel-Tec Sputter.  
3.2.2 Thermal annealing 
A horizontal tube furnace (Tetlow, Australia) was used to not only annealing metal films but also 
to remove organic contaminations in this project (Figure 3-2). The furnace box consists of silicon 
carbide heating elements and integrated controller to control the working temperature, and the 
heating rate is adjustable by a programmable controller, and the maximum temperature is 1200 oC.  
 
To form metal nanoparticles, the sputtered metal films were annealed at 400-600 oC in Ar for 1h 
with the heating rate of 5 oC/min and then cooled down to room temperature naturally. The particle 
size and density are controllable by the thickness of the metal films and annealing temperature. 
The heating of ~10 nm thick metal films at 400-500 oC can produce Au and Ag particles of 40-50 
nm in size. The exfoliated BN nanosheets were cleaned in the tube furnace at 350 oC in air for 30 
min to remove possible moisture and tape residual. In addition, the samples for SERS reusability 
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test were heated at 400 (Au samples) and 360 oC (Ag samples) in air for 5 min to remove adsorbed 
analyte molecules. 
 
Figure 3-2. Tetlow horizontal tube furnace 
3.3 Characterization techniques 
3.3.1 Optical microscope 
An Olympus optical Microscope (BX51) equipped with a DP71 camera was used to locate and 
image BN nanosheets on SiO2/Si substrates. The thickness of SiO2 was adjusted to maximize the 
contrast of BN nanosheets on the substrate, enabling BN nanosheets visibility under optical 
microscope.  
3.3.2 Atomic force microscopy 
Atomic force microscopy (AFM) images were taken using a Cypher scanning probe microscope 
(SPM) (Asylum Research, USA) (Figure 3-3). The Cypher SPM is a state-of-art and multi-
functional instrument which integrates AFM, conductive force microscopy (CFM), electrical force 
microscopy (EFM), Kelvin probe force microscopy (KPFM), magnetic force microscopy (MFM), 
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piezo force microscopy (PFM), and scanning tunnelling microscopy (STM). The Cypher SPM is 
controlled by IGOR Pro coded software.  
 
The morphology of metal particles on Si wafer was characterized under tapping mode. The 
thickness and the morphology of BN nanosheets after organic molecules adsorption were 
measured under contact and tapping mode using a silicon cantilever. The scan rate is 1.0 Hz, and 
the resolution of the images was 512×512 pixels.  
 
G 
 
Figure 3-3. Photo of a Cypher SPM. 
3.3.3 Raman spectroscopy 
Raman spectroscopy provides information about molecular vibrations which can be used for 
sample identification and quantification. The technique involves shining a monochromatic light 
source (usually laser) on a sample and detecting the scattered light. Most of the scattered light has 
the same frequency as the excitation source, which is known as Rayleigh or elastic scattering. Only 
a very small amount of scattered light is shifted in energy compared to the laser excitation because 
of the interactions between the incident electromagnetic waves and the vibrational energy levels 
of molecules in the sample. Plotting the intensity of this "shifted" light with respect to frequency 
gives a Raman spectrum. In general, Raman spectra are plotted versus laser frequency so that the 
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Rayleigh band lies at 0 cm-1. On this scale, peak positions lie at frequencies that correspond to the 
energy levels of different vibrations.  
 
In this project, Raman spectra were collected from a Renishaw inVia Raman microscope equipped 
with lasers of different wavelengths, including 514.5, 632.8 and 785 nm (Figure 3-4). A 100× 
objective lens with a numerical aperture of 0.90 μm was used in most measurement. A 20× 
objective lens with numerical aperture of 1.57μm was applied for Raman mapping on CVD-grown 
BN covered SERS substrate. The laser power was set to ~2.5 mW for the measurement of organic 
molecules to avoid possible damage. All Raman spectra were calibrated with the band of Si at 
520.5 cm-1.  
 
Figure 3-4. Renishaw inVia micro-Raman system 
3.3.4 Near edge X-ray absorption fine structure spectroscopy  
Soft x-rays are generally understood to be X-rays in the energy range 100-3,000 eV. They have 
insufficient energy to penetrate beryllium windows of a hard X-ray beamline but have energies 
higher than that of extreme ultraviolet light. Soft X-rays cover the energy range important to 
spectroscopic studies of many elements in the periodic table. They are well suited to characterise 
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surfaces and near-surface interfacial layers. Near edge X-ray absorption fine structure 
spectroscopy (NEXFS) is a powerful technique that uses soft X-ray to characterize chemical 
composition, electronic state, bond angle, bond length and presence of contaminations.  
 
The NEXAFS analyses were performed in the ultrahigh-vacuum chamber (10-10 mbar) at the 
undulator soft X-ray spectroscopy beamline at Australian Synchrotron which uses accelerator to 
produce a powerful source of light a million times brighter than the sun. There are nine beamlines 
in the facility now, including soft X-ray spectroscopy, powder diffraction, and X-ray absorption 
etc. The NEXAFS data were normalized to the photoelectron current of the photon beam, 
measured on an Au grid and analysed using XPS peak software. 
 
Figure 3-5. Schematic diagram of synchrotron.  
3.3.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is commonly used to analyse elemental composition, 
chemical and electronic state of the surface (usually top 0-10 nm) of a material. XPS instruments 
usually contains an X-ray source, a sample holder in a vacuum chamber and a photoelectron 
detector. XPS can be performed using a laboratory XPS system, or a synchrotron-based light 
source combined with a custom-designed electron energy analyser.  
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Both laboratory and Synchrotron-base XPS were used in this project. For laboratory-based XPS, 
the data were collected in high vacuum (3×10−9 torr) using a Kratos AXIS Ultra (DLD) 
spectrometer (Kratos Analytical Ltd, U.K.) equipped with a monochromated Al Kα X-ray source. 
All XPS spectra were recorded at 0.1 eV/step and a pass energy of 20 eV. For Synchrotron-base 
XPS, the experiments were conducted on the soft X-ray spectroscopy beamline at Australia 
Synchrotron. The excitation energy was 750 eV, and E-pass was 20 eV for optimum energy 
resolution. The excitation photon energy was calibrated by the photon energy measured on a 
reference Au sample in the high-vacuum chamber (~10-10 mba). All the XPS spectra were 
calibrated with binding energy of C1s at 284.5 eV, and the data was analysed using CasaXPS 
software.   
3.3.6 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a powerful tool for characterization of the morphology 
and topography of a material. It produces images by scanning a focused electrons beam on the 
sample. The interaction with atoms on the surface of the sample provides various signals that 
contain information about the sample’s morphology and composition. SEM images of metal 
nanoparticles covered by BN nanosheets of different thicknesses were taken on Zeiss Supra 55VP 
and Leo 1530 at 3~10 kV, with a working distance of ~7 mm. Although BN nanosheets are 
insulating, no conducting coating was used due to the excellent conductivity of metal particles and 
atomic thickness of the nanosheets.  
3.3.7 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FTIR) spectra were measured using a Bruker Lumo 
infrared spectrometer in attenuated total refection (ATR) mode. The spectra was obtained under 
64 scans with 4 cm-1 resolution.   
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Ramanspectroscopyhasbecomeanessentialtechniquetocharacterizeand investigategrapheneandmanyothertwoͲ
dimensionalmaterials.However,therestilllacksconsensusontheRamansignatureandphonondispersionofatomically
thinboronnitride(BN)whichhasmanyuniquepropertiesdistinctfromgraphene.Suchaknowledgegapgreatlyaffectsthe
understandingofbasicphysicalandchemicalpropertiesofatomicallythinBNaswellastheuseofRamanspectroscopyto
study these nanomaterials. Here,we use both experiment and simulation to reveal the intrinsic Raman signature of
monolayerandfewͲlayerBN.WefindexperimentallythatatomicallythinBNwithout interactionwithsubstratehasaG
bandfrequencysimilartothatofbulkhexagonalBN(hBN),butstraininducedbysubstratecancausepronouncedRaman
shift.This is inexcellentagreementwithour firstͲprinciplesdensity functionaltheory (DFT)calculationsattwo levelsof
theory,includingvanderWaalsdispersionforces(optͲvdW)andafractionaloftheexactexchangefromHartreeͲFock(HF)
theorythroughhybridHSE06functional.BothcalculationsdemonstratethattheintrinsicE2gmodeofBNdoesnotdepend
sensiblyonthenumberoflayers.Oursimulationsalsosuggesttheimportanceoftheexactexchangemixingparameterin
calculatingthevibrationalmodesinBN,asitdeterminesthefractionofHFexchangeincludedintheDFTcalculations.
Introduction
Boronnitride(BN)nanosheets,atomicallythinhexagonalboron
nitride (hBN), are an isoelectronic and structural analog of
graphene, with excellent mechanical strength and thermal
conductivity.1,2BNnanosheetshaveanumberofpropertiesand
applications distinct from graphene.3,4 For instance, BN
nanosheetscanwithstandoxidationbeyond800°Cinair,5and
thissuperiorthermalstabilitymakesthemanexcellentbarrier
to protectmetals against oxidation at high temperatures.6Ͳ8
Furthermore,BNnanosheetswithwidebandgapsof~6.0eV
arethethinnestelectricallyinsulatingmaterials,9Ͳ13suitableto
serve as dielectric substrates to improve the mobility of
grapheneandmolybdenumdisulfide(MoS2)baseddevices.14,15
BNnanosheets canalsoenablehighly sensitive, reproducible
andreusablesensors.16Ͳ20

Ramanspectroscopyisanindispensablemethodtocharacterize
and study graphene andmany other 2D nanomaterials, and
tremendous efforts have been devoted to this field. Take
grapheneasanexample.ThethicknessofsingleandfewͲlayer
graphene can be unambiguously determined by the Raman
intensity ratiobetween itsGand2Dbands,and thedetailed
structureofthe2Dband.21Ͳ23Similarly,MoS2,atypicaltransition
metaldichalcogenide,showsclearRamanfrequencychangesin
ܧଶ௚ଵ  and ܣଵ௚ modes when scaled down to atomically thin
sheets.24 In addition, Raman can be used to probe
crystallinity,25Ͳ27 edge state,28Ͳ30 strain,31Ͳ38 doping,39Ͳ44 lattice
temperature45Ͳ47 of these 2D nanomaterials. In spite of the
similar structure tographene,BNnanosheetsdonot showa
Raman2Dbandduetothe lackofKohnanomaly,butRaman
spectroscopy is still widely used to characterize BN
nanosheets.5,10,15,17,48Ͳ57 Therefore, it is important to study
RamansignatureandphonondispersionofBNnanosheetsof
differentthicknesses.

However,therestilllacksconsensusontheRamansignatureof
atomically thin BN. Gorbachev et al. first reported that the
RamanG band of atomically thin BN shiftedwith thickness:
compared tobulkhBN crystals,monolayer (1L)BNon silicon
oxide covered silicon wafer (SiO2/Si) substrate showed an
upshiftedGband,whiledownshiftswereobserved from fewͲ
layerBNonthesamesubstrate.49Sincethen,theseresultshave
been used as a reference to determine the thickness of BN
nanosheets inmanyreports.However,we found5,10,17that1L
andfewͲlayerBNnanosheetsmechanicallyexfoliatedfromhBN
single crystals from the same source on SiO2/Si substrate all
showedupshiftedGbands,buttodifferentextent,compared
tobulkhBN.Thediscrepancyimpliesaknowledgegapandcan
greatlyaffecttheuseofRamanspectroscopyforcharacterizing
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BNnanosheets.Tillnow, there is stillno systematic study to
understand the intrinsic Raman signatures of atomically thin
BN.

Here,weusedbothexperimentsandtheoreticalcalculationsto
reveal the phonon dispersion and Raman signatures of BN
nanosheetsofdifferentthicknesses.Wefoundthattheintrinsic
Raman frequency of BN did not show dramatic changewith
thickness,butstraininducedbysubstratescouldgreatlyaffect
the G band frequency ofmonolayer and fewͲlayer BN. This
studynot onlyprovides a fundamentalunderstanding of the
vibrationalpropertyofatomicallythinBNbutalsoguides the
useofRamanspectroscopytoanalyzethese2Dnanomaterials.
Experimental
PreparationofBNnanosheets
The substrateͲbound and suspended BN nanosheets were
mechanically exfoliated from singleͲcrystal hBN using Scotch
tape on 90 nm SiO2/Si substrate with and without preͲ
fabricated1.3ʅmwells.AnOlympusBX51opticalmicroscope
equippedwithaDP71 camerawasused to locate atomically
thinBN,andaCypherAFM(AsylumResearch)wasemployedto
measure their thickness. The AFM images for estimating
roughnessofthenanosheetsweretakenwith512×512pixelsin
contactmode.TheRamanspectraofatomicallythinandbulk
BNwerecollectedusingaRenishaw inViaRamanmicroscope
witha514.5nmlaser.AllRamanspectrawerecalibratedwith
theRamanbandofSiat520.5cmͲ1.Anobjective lensof100x
withanumericalapertureof0.9wasused.Inordertofurther
introducestraintoBNnanosheetsonSiO2/Si,thesampleswere
heatedinArat400°Cfor1h.

Theoreticalcalculation
Theoretical calculations were performed using the DFT
formalismas implemented in theViennaab initio simulation
package(VASP).58,59Forthecalculationsofphononmodes,both
PHONON60,61andPhonopy62wereused.A2x2x1supercellwas
usedforthesecalculations.ForthecalculationofRamanband
frequency,PHONONwasusedimplementingthePEADmethod.
TheoptB88ͲvdWfunctional63wasusedalongwithaplaneͲwave
cutoffof800eVcombinedwiththeprojectorͲaugmentedwave
(PAW)method.64,65 Atoms were allowed to relax under the
conjugateͲgradient algorithm until the forces acting on the
atomswerelessthan1x10Ͳ8eV/Å.TheselfͲconsistentfield(SCF)
convergence was also set to 1.0x10Ͳ8 eV. Relaxed lattice
constantswere foundtobea=b=2.50976Å for themonolayer
systemanda=b=2.5110Åforthebiandtrilayersystemswhich
is in excellent agreementwith experiments. A 20 Å vacuum
space was used to restrict interactions between images. A
12x12x1 gammaͲcentered kͲgrid was used to sample the
Brillouin zone for all systems. KͲsampling was increased to
24x24x1and therewasnoappreciabledifferenceseen in the
valuesobtained.
Resultsanddiscussion
ThehighͲqualityatomically thinBN sheetsused in this study
weremechanicallyexfoliated fromhBN single crystals66,67on
SiO2/Si substrateswith andwithout preͲfabricatedwells (1.3
μmindiameterand>2μmdeep)byScotchtapetechnique.Our
previous publications can be referred for details on the
exfoliationprocess.5,10,17,20AtomicallythinBNnanosheetswere
locatedand identifiedusinganopticalmicroscope (Figure1a
and d) thanks to the interference enhancement by the SiO2
layeron Siwafer.49The thicknessof theBNnanosheetswas
thenmeasuredbyatomic forcemicroscopy (AFM).Figure1b
andeshowAFMimagesof1Ͳ2LBNnanosheetsboundtoSiO2/Si
substrateandsuspendedoverthewells,respectively.According
tothecorrespondingheighttraces,thethicknessesof1Land2L
BNwereabout0.5and0.9nm,respectively.Theseresultsare
consistentwithpreviousreports.7,10,17,49

Figure1.(a)Opticalimageof1Ͳ3LBNnanosheetsboundtoSiO2/Sisubstrate;(b)thecorrespondingAFMimagewithheighttrace
inserted; (c)Raman frequenciesoftheGbandofsubstrateͲbound1Ͳ3LandbulkBN; (d)optical imageof1Ͳ2LBNnanosheets
partiallysuspendedover~1.3ʅmwells;(e)thecorrespondingAFMimagewithheighttraceinserted;(f)Ramanfrequenciesofthe
Gbandofsuspended1Ͳ3LBNandbulkhBN.
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
The G band frequencies of the substrateͲbound 1Ͳ3L BN in
comparisontothatofbulkhBNcrystalsareshowninFigure1c.
BulkhBNcrystalsshowedaGbandcenteredat1366.6±0.2cmͲ
1 (based on 6 samples, i.e. N=6), consistent with previous
studies.5 Itcorresponds totheE2gvibrationmode inhBN.68,69
ObviouslyupshiftedGbandswereobservedonthesubstrateͲ
bound atomically thin BN: 1369.6±0.6 cmͲ1 for 1L (N=8),
1369.0±0.5cmͲ1for2L(N=6),and1367.5±0.2cmͲ1for3L(N=9).
Inaddition,1Ͳ3LBN showedmorevariations in theirGband
frequencythanthebulkcrystals.

ThreereasonsmaycausetheupshiftedGbandsofatomically
thin BN: 1) doping due to substrate and/or adsorbates; 2)
heatingeffectfromlaserbeam;3)straininducedbysubstrate
(i.e. roughness). Thedoping effect canbe ruled outbecause
previousstudiesshowedthatmonolayerBNnanosheetswere
not subject to surface doping.44,70 This is understandable by
consideringtheirelectrical insulation.The laserheatingeffect
can also be eliminated because we found that the G band
frequency of BN nanosheets downshifted at higher
temperatures:theGbandofa1LBNdownshiftedto1367.7cmͲ
1 at 75 °C and 1366.4 cmͲ1 at 100 °C, respectively. In other
words, laser heating should increase the temperature and
softentheE2gphonons,resultinginaredshiftoftheGband.69,71
Thus,laserheatingcannotexplaintheupshiftsofthesubstrateͲ
boundatomicallythinBN.This leavesuswiththeonlyfactor:
strain.

Atomically thin nanosheets which have small bending
moduli72,73tendtocorrugateorripple,and ithasbeenfound
that the uneven surface of SiO2 introduces strain to
graphene.74,75 Therefore, it is likely that thedifferentRaman
frequency shifts fromBNnanosheetsofdifferent thicknesses
are due to their different degrees of corrugation and hence
strain on SiO2/Si substrate. In other words, suspended
atomically thin BN nanosheets which are mostly free from
substrate disturbance (though probably still not completely
strain free) shouldbemuchbetter to illustrate their intrinsic
Ramansignatures.Asshown inFigure1f,theaverageGband
frequencies of suspended BN nanosheets were very close:
1367.3±0.3cmͲ1for1L,1367.0±0.1cmͲ1for2L,and1367.0±0.2
cmͲ1 for3L, respectively.Thesevalueswereveryclose to the
Raman frequency of bulk hBN (i.e. 1366.6±0.2 cmͲ1). As
aforementioned that BN nanosheets are not subject to
substratedoping, theonlydifferencebetween the substrateͲ
boundandsuspendedBNnanosheetsshouldbestrain.Wealso
estimatedtheratiooftheGbandintensityof1Ͳ3LBNwithand
withoutsubstrate.Asshown inFigure2,theratiowas1±0.09
(1L) : 1.82±0.01 (2L) : 2.79±0.11 (3L) for the BN on SiO2/Si
substrate,while the ratio changed to1±0.10 (1L) :1.90±0.12
(2L):2.17±0.17(3L)forthesuspendedBN.Ontheotherhand,
wedidnotobservemuchdifference in the fullwidth athalf
maximumoftheGbandwidthbetweensubstrateͲboundand
suspended atomically thin BN (see Supporting Information,
FigureS1).Ourresults imply that1) theobserveddifferentG
band frequencyof1Ͳ3LBNonSiO2/Si shouldbedue to their
different flexibilityand levelsof strain causedby theuneven
substrate;2) the intrinsicRaman frequencyofatomically thin
BNofdifferentthicknessesmaybeclosetoeachotherandthat
ofbulkhBNcrystals.


Figure2.ComparisonbetweentheGbandintensityratiosof1Ͳ
3L BN with (a) and without (b) substrate. The dashed lines
representthelinearfunctionoftheratio1(1L):2(2L):3(3L).

To better understand the vibrational properties of BN
nanosheets, we performed firstͲprinciples density functional
calculations including van derWaals (vdW) dispersion forces
(see Experimental). We also took into account a fractional
componentoftheexactexchangefromtheHartreeͲFock(HF)
theory hybridized with the density functional theory (DFT)
exchangeͲcorrelation functional at the level of the rangeͲ
separatedHSE06hybrid functional. The exchangeͲcorrelation
energyinHSE06isgivenby:

ܧ௑஼ுௌா ൌ ߙ௘௫ܧ௑ுிǡௌோሺ߱ሻ ൅ ሺͳ െ ߙ௘௫ሻܧ௑ఠ௉஻ாǡௌோሺ߱ሻ ൅
ܧ௑ఠ௉஻ாǡ௅ோሺ߱ሻ ൅ ܧ஼௉஻ா (1)

where ܧ௑ுிǡௌோሺ߱ሻ is the shortͲrange (SR) HF exchange;
ܧ௑ఠ௉஻ாǡௌோሺ߱ሻ andܧ௑ఠ௉஻ாǡ௅ோሺ߱ሻ aretheshortand longrange
(LR)componentsofthePBEexchangefunctional,respectively;
߱ ൌ ͲǤʹͲ ÅͲ1 is the screening parameter, which defines the
separationoftheSRandLRexchangeenergy;andߙ௘௫istheHF
mixingfactorthatcontrolstheamountofexactFockexchange
energy in the functional.76Ͳ78 Note that HSE functional with
ߙ௘௫ ൌ Ͳ becomes the PBE functional.79 Therefore, any
limitation of the exchange and correlation functional in the
chemical and physical description of the vibrational modes
couldbeimproved.

Figure3ashows theab initiophonondispersion for1LBNat
differentvaluesofߙ௘௫ usingtheHSE06method.Althoughthe
different values of ߙ௘௫  gave rise to similar trends in the
dispersion of the phonon modes along the BrillouinͲzone,
includingacoustic(ZA,TA,LA)andoptical(ZO,TO,LO)phonon
modes, the phonon frequencies slightly increased with
increased ߙ௘௫. The largest difference in frequency from PBE
(ߙ௘௫ ൌ Ͳ) andHSE06 (ߙ௘௫ ൌ ͲǤͶͲ)methodswas 47.80Ͳ67.41
cmͲ1 at the ZO phonon branch; smaller differences were
observedatspecifickpoints,suchasthe*point(Figure3b).In
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termsoftheopticalLOandTOphononswhichareresponsible
fortheRamanGbandofBN,PBEandstandardHSE06(ߙ௘௫ ൌ
ͲǤʹͷ)gaveriseto~1.5%and0.5%underestimatedfrequencies
thantheexperimentalvaluesfromthesuspended1Lsamples
(i.e. 1367.3±0.3 cmͲ1), respectively. However, this difference
became negligible once higher magnitudes of ߙ௘௫ሺൌ ͲǤͶͲሻ
wereincluded(Figure3c).Thisindicatesthateventhoughthe
exactHFͲexchangeatitsdefaultmixingvaluecorrectstheselfͲ
interactionerror inDFTandgivesabetterdescriptionof the
vibrational properties,80,81 a full representation of the
experimentaldataisonlypossibleathighervaluesofߙ௘௫.This
highlights the importanceof theHFexactexchange in theLR
asymptotic behavior of the exchangeͲcorrelation potential,
െͳȀݎ.Although ithasbeen shownpreviously thatߙ௘௫  could
improve thecalculationsof theRaman frequencies inseveral
nonͲlayeredsystems,82noattempthasbeenmadetoimprove
the description of the vibrational properties of BN using
approaches beyond meanͲfield level or quantum chemistry
based methods. In fact, most of the discrepancy between
calculationsandexperimentshavebeenobserved at localor
semiͲlocal levelsusing different functionals.83Ͳ92 Inparticular,
most of previous theoreticalworks rely on a LDA functional,
which iswell known tooverestimate thebindingenergyand
thenunderestimatedthelatticeparameterusedinthephonon
calculations. As small variations of strain induce large
modifications of the vibrational modes in BN (see details
below),thismakesmostofthefrequenciesshiftedupbyseveral
cmͲ1’s,whichmaygiveagoodagreementforthewrongreason.
EventhoughsuchdeficiencyisdifficulttocureataLDAleveland
a quantitative comparison with experiments might be
misleading, a qualitative good description using LDA is often
achieved for themodesmeasured in themonolayer, e.g.GͲ
mode,aswellasforphasediagramsatfinitetemperatureand
pressure for different allotropes.84 Other approaches also
include empirical energy corrections to the exchange and
correlation functional using nonͲlocal Becke’s scheme for
multilayer systems. This has shown to improve the weak
overlap of orbitals of neighbouring sheets due to vdW
interactions, which resulted in good agreement of cohesive
energieswithexperiments.92FormonolayerBN,however,such
corrections are not necessary as themain ingredient in the
calculations of the vibrational properties depend on the
exchangeͲcorrelation functionalandthedescriptionofthe inͲ
planeBͲNbondingenvironment.OursimulationsatHSE06level
gave rise to vibrational values much closer to those from
experimentsforeithermonolayerormultilayerBN,withaclear
tuningparameterabletoimprovetheexchangeinteractionson
thevibrations.



Figure3.(a)Phonondispersionwiththeiracoustic(ZA,TA,LA)andoptical(ZO,TO,LO)branches labeledfor1LBNnanosheet
calculatedwithinthedensityfunctionaltheory.TherangeͲseparatedhybridfunctionalHSE06wasusedatdifferentvaluesofthe
mixingfactorDex.ThefrequencyofphononbranchesincreaseswithincreasedDex,asdisplayedindifferentcolors.(b)Theenlarged
region along the opticalmode (E2g) highlighted by a small green rectangle in (a) to compare HSE06 simulations with the
experimentalvalue(redbar).(c)CalculatedRamanshifts(cmͲ1)forE2gmodeasafunctionofDexfor1LBNsystem.Thedifferent
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valuesofDexcorrespondtodifferentcontributionofHFexactexchangetotheexchangeͲcorrelationfunctional:0.0(PBEincluding
vdWcorrections,optͲvdWfunctional),0.10,0.25(standardHSE06),0.35,and0.40.(d)AbinitioRamanspectraoffreeͲstandingNL
(N=1Ͳ3),withtheverticaldashedlinerepresentingthecalculatedE2gfrequencyofbulkhBNcalculatedatoptͲvdWlevel.Thetop
insetshowsaschematicoftheRamanͲactivemodeE2ginBN,andthebottominsetshowsthevariationoftheRamanshiftasa
functionofthicknessatstandardHSE06functional(faintbrownsquares)andoptͲvdW(orangesquares)incomparisonwiththe
experimentalvalues(redcircles).(d)PhononGrüneisendispersionrelationscalculatedfor1LBNlayeratstandardHSE06(faint
brown)andoptͲvdW(orange)levelsoftheory.

Figure3dshowstheabinitioRamanspectraoffreestanding1Ͳ
3L BN nanosheets and bulk hBN using a 514.5 nm laser
simulated by PBE (optͲvdW functional) (main panel). The
polarizationoftheincidentandscatteredlightwassetalong(0,
1, 0) plane. Based on the optͲvdW functional, the inͲplane
vibrational E2gmode of freestanding 1L, 2L, 3L and bulk BN
nanosheetswereat1348.5,1343.3,1347.6and1343.7 cmͲ1,
respectively (top inset in Fig. 2d). These frequencies were
clearlydownshiftedrelativetoourexperimentalvalues(circles
inred).Incomparison,improvementwasachievedatthelevel
ofHSE06(faintbrownsquares)usingthestandardmixingvalue
ofߙ௘௫ ൌ ͲǤʹͷ:1360.6,1357.6,1357.4and1356.8cmͲ1for1L,
2L, 3L and bulk hBN, respectively (bottom inset in Fig. 2d).
Althoughthedifferencebetweencalculationsandexperiments
couldbefurthercorrectedusinghighervaluesofߙ௘௫,bothsets
of simulations reproduced closely the trend observed in the
experiments(Figure1f).That is,theE2gmodedidnotdepend
sensiblyonthenumberofBNlayers.Thisbehaviorisdifferent
from many other 2D nanomaterials, whose Raman modes
changenoticeablywithdecreasednumberoflayers.21Ͳ24

Basedon thephononͲdispersion relations,we calculated the
Grüneisenparameters(J)atdifferentkpointsoftheBrillouin
zone (seeExperimental)atoptͲvdWandHSE06 (ߙ௘௫ ൌ ͲǤʹͷ)
levels (Figure3e). HSE06gavesmallerGrüneisenparameters
thanoptͲvdW.Aspreviouslydiscussed(Figure3a),thiswasdue
to theeffectof the incrementof thephonon frequencies,as
some fractionalpartsof theexactexchangewere taken into
account.MostoftheHSE06Ͳdeducedvalueslayintherangeof
–1.13 to +0.83 at K andM points, respectively, and can be
groupedintotwosets:i)modeswithJ>0,whichwereformed
byLO,TO,LAandTAphononbranches;andii)modeswithJ<0,
whereZOandZAwerethemaincomponents.TheGrüneisen
parameterfortheLOandTOmodesat*was0.64.Asshown
later,thisvalue isusefulforthecalculationofdeformationor
straininBNfromitsGbandshift.Itshouldalsobementioned
thatthephononfrequencieswereverysensitivetostraininthe
utilizedsupercell:changesassmallas~0.15%inlatticeconstant
usedinourcalculationscouldinduce~9cmͲ1inRamanshiftin
both optͲvdW and HSE06 simulations. Such Raman shift
increased or decreased linearly with further applied strain,
suggestingastrainͲdrivenvibrationalstateinBNnanosheets.

TofurthershowtheeffectofstrainontheRamanspectrumof
BNnanosheets,weexperimentallymodifiedthelevelofstrain
in atomically thin BN on SiO2/Si and studied their G band
frequency.Duetothedifferentthermalexpansioncoefficient
(TEC)betweenBNandSiO2,heattreatmentcanfurtherincrease
thecorrugationandhencestraininatomicallythinBN,similar
tothecaseofgraphene.93Inourexperiment,atomicallythinBN
nanosheetswereheatedupto400°Cinargon(Ar)gasfor1h.
Theroughnessofa1LBNbeforeandafterheattreatmentwas
revealedbyAFM(Figure4aandb).TheAFMimagesshowthat
the heat treatment did increase the roughness of the
nanosheet.SuchchangecanbebetterseenfromtheGaussian
fitted height distributions in Figure 4c: a relatively broader
height distribution after heat treatment, corresponding to
approximately 20% of increased roughness. HeightͲheight
correlationfunction(HHCF) isanotherdirect indicationofthe
totalandshortͲrangeroughness.Thefunctioncanbedescribed
as:
݃ሺݔሻ ൌ ۃሺ݄ሺݔሬԦሻ െ ݄ሺݔሬԦ െ ݎԦሻଶۄ(2)
where ݔሬԦ is any specific point in the image, and ݎԦ is a
displacement vector. The average height difference between
anytwopointsseparatedbythedistanceݎisdescribedbythe
function݃ሺݔሻ.94FortheselfͲaffinescaling,thefunctioncanbe
simplifiedas:
݃ሺݔሻ ൌ ܣݎଶுforݎ ا Ɍ(3)
݃ሺݔሻ ൌ ʹߪଶforݎ ب Ɍ(4)
where A is a constant; ܪ describes the degree of surface
irregularity (i.e. jag) at the short range; ʇ is the correlation
length;ʍdenotestherootmeansquare(RMS)roughness.95


Figure4.AFMimagesofa1LBNonSiO2/Sibefore(a)andafter
(b)heattreatmentat400°CinArfor1h;heightdistribution(c)
and heightͲheight correlation functions (d) of the nanosheet
beforeandaftertheheattreatment.

Figure 4d shows the logͲlog plot of the HHCF and the
correspondingfittings(Eq.3and4)ofthe1LBNbeforeandafter
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heat treatment. The correlation functions increased
significantlyintheshortrange(i.e.r<ʇ),andthefittingdeduced
2Hvaluesforthe1LBNbeforeandafterheattreatmentwere
1.75±0.05and1.51±0.05,respectively.Thisstronglysuggestsa
morecorrugatedsurfaceafterannealing.Inaddition,theRMS
roughnessamplitudeʍofthe1LBNincreasedfrom123.6±0.1
pm to 139.4±0.4 pm after heat treatment. According to the
intersection of powerͲlaw line and the saturation line, the
correlationlengthʇcanbecalculatedby:
Ɍ ൌ ሺʹɐଶ ܣΤ ሻଵ ଶுΤ (5)
Thevaluesofʇforthe1LBNbeforeandafterheattreatment
were25.7±0.1and24.2±0.2nm,respectively.The largerRMS
roughnessandsmallercorrelationlengthfurtherindicatelarger
roughness in the 1L BN after annealing. Therefore, the heat
treatment increased the roughness and hence strain in
substrateͲboundatomicallythinBNnanosheets.

As aforementioned, the increased roughness after heat
treatmentwascausedbyamismatchoftheTECbetweenSiO2
substrateandBNnanosheets.Thestrainchangeintroducedby
themismatchatcertaintemperaturecanbeestimatedby:96
οߝ ൌ ׬ ൫ߙ஻ேሺܶሻ െ ߙௌ௜ைଶሺܶሻ൯݀ܶ೘்ோ் (6)
where ߙௌ௜ைଶand ߙ஻ேare the temperatureͲdependent TEC of
SiO2andBNnanosheets,respectively.Weusedߙௌ௜ைଶ ൌ ͲǤ͹ͷ ൈ
ͳͲି଺ܭିଵandߙ஻ேሺܶሻ ൌ ሺͳǤͻͳ ൈ ͳͲିଽܶ െ ʹǤͻ͸ ൈ ͳͲି଺ሻȀԨ in
calculation.97Hence,ourheattreatmentat400°Cshouldcause
anincreaseofcompressivestrainof–0.13%inBNnanosheets.
Inotherwords,BNnanosheetsexpandedwhileSiO2contracted
duringcoolingdownstage, increasingthebiaxialcompressive
straininthenanosheets.


Figure5.Ramanspectraofbulk(a)and1L(b)BNonSiO2/Si,and
RamanGbandfrequencyshiftsof1L(c),2L(d)and3LBN(e)on
SiO2/Sibefore(black)andafter(red)theheattreatment.
Aftertheheattreatment,theRamanfrequenciesofsubstrateͲ
bound 1Ͳ3L BN upshifted. The G band frequency of 1L BN
increased from 1369.6±0.6 cmͲ1 to 1372.6±0.4 cmͲ1 after
annealing, representinganupshiftof3.0±0.7 cmͲ1 (Figure5b
andc).TheRamanupshiftsobservedfromtheheated2Land3L
BN nanosheets are 2.7±0.8 and 2.2±0.6 cmͲ1, respectively
(Figure5dande).Incontrast,nochangeofGbandfrequency
wasdetected frombulkhBNbeforeandafter thesameheat
treatment(Figure5a).Itisclearthatstrainisthekeyfactorthat
determines the Raman frequency of atomically thin BN
nanosheets.WeusedtheaverageRamanupshiftof1LBNafter
heattreatmenttocalculatethestrainchange:34
ߝ ൌ െο߱ீ ʹߛ߱଴ீΤ (7)
whereο߱ீ isGbandfrequencyshift,ߛisGrüneisenparameter
of hBN (0.64 deduced from Figure 3e), ߱଴ீ is the G band
frequency of unstrained BN (we used 1367 cmͲ1). The strain
changecalculatedbasedontheaverageupshift(3.0±0.7cmͲ1)
ofthe1LBNnanosheetsafterheattreatmentis–0.17±0.04%.
Thisvalue isbasically inagreementwiththatestimatedusing
Eq.6.
Conclusions
Insummary,theRamanfrequencyofmonolayerandfewͲlayer
BNmeasuredfromsuspendednanosheetswassimilartothatof
bulkhBN,suggestingthattheE2gmodeofBNdidnotdepend
sensiblyonthethickness.ThiswasjustifiedbyDFTcalculations
atPBEͲoptͲvdW andHSE06 levelsof theory.Our simulations
also indicated that the inclusionof exact exchange from the
HartreeͲFock theory improved theaccuracyof the calculated
vibrationalmodesandgaveremarkablyimprovedagreementto
theexperimentaldata.Incontrast,atomicallythinBNonSiO2/Si
showed upshiftedRamanG bandswith decreased thickness.
Thiswasduetohigherflexibilityofatomicallythinnanosheets,
whichcouldfollowtheunevensurfaceofsubstratemoreclosely
andhencegainmorecompressivestrain.ThesubstrateͲinduced
strain inatomically thinBNwas further increasedbyheating
treatment,andastheresult,furtherupshiftsoftheGbandwas
observed.
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Figure S1. G band width of suspended (red circle) and substrate supported (black square) BN 
with different thickness.  
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biomolecules, such as proteins, ligands, 
peptides, and DNA, have been found to 
have a special adsorption behavior, i.e., 
distortion of their shapes and structures 
after physisorbed on a surface.[1] Such a 
phenomenon is called conformational 
change. Conformational changes increase 
adsorption energy and greatly affect the 
chemical and biological activities of these 
molecules.[2] However, conformational 
change has rarely been observed on adsor-
bents. The relatively large rigidity of all 
traditional adsorbents, such as activated 
carbon, porous alumina, and zeolites, pre-
vents them from interfacial interaction-
induced deformation.
Boron nitride (BN) nanosheets, atomi-
cally thin layers of hexagonal BN (hBN), 
exhibit excellent surface adsorption of different molecules, 
and, therefore, are valuable for water cleaning, catalysis, 
sensing, etc.[3] Detailed studies revealing their unique adsorp-
tion behavior and mechanism are highly desirable. In contrast 
to traditional adsorbents, BN nanosheets have small bending 
moduli[4] and may experience conformational changes due to 
Molecule-Induced Conformational Change in Boron Nitride 
Nanosheets with Enhanced Surface Adsorption
Qiran Cai, Aijun Du, Guoping Gao, Srikanth Mateti, Bruce C. C. Cowie, Dong Qian, 
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1. Introduction
Surface adsorption is a ubiquitous phenomenon vital to many 
physical, chemical, and biological ﬁelds, and is widely used 
in industry, such as puriﬁcation, catalysis, sensors, chromato-
graphy, cell growth, and drug delivery. Macromolecules and 
Adv. Funct. Mater. 2016, 26, 8202–8210
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physisorption of molecules. Such behavior should improve 
their surface adsorption and hence have implications for the 
development of novel applications.[5] However, there has been 
no theoretical or experimental study on molecule-induced con-
formational changes in BN nanosheets and their effect on their 
surface adsorption. Furthermore, there lacks a straightforward 
experimental method to overcome the difﬁculty of detecting 
morphological changes at the atomic level after coverage of 
adsorbates.[6]
Raman spectroscopy is a well-accepted tool to study thick-
ness,[7] crystallinity,[8] doping,[9] strain,[10] and lattice tem-
perature[11] of graphene and BN nanosheets.[12] There has 
been a large number of experimental studies on the effect 
of doping on graphene and its Raman spectrum after mole-
cule adsorption.[9d–f,10h,13] Unlike graphene, physisorbed 
molecules do not introduce doping to electrically insulating 
BN nanosheets or affect their Raman spectrum according 
to previous theoretical and experimental studies.[9d,14] Nev-
ertheless, Raman has never been used to detect confor-
mational changes in 2D nanomaterials due to molecule 
adsorption.
Here, we report that atomically thin BN nanosheets bend 
or curve to better accommodate two model molecules, i.e., 
rhodamine 6G (R6G) and 4-mercaptobenzoic acid (4-MBA), 
and Raman spectroscopy is a straightforward and routine 
technique to detect such conformational changes. Conforma-
tional changes in BN nanosheets lead to stronger interfacial 
inter action and better surface adsorption capability than bulk 
crystals. Thus, for the same surface area, atomically thin BN 
nanosheets are more efﬁcient in adsorbing molecules, and are 
hence better candidates for water puriﬁcation, sensing, and 
many other applications related to surface adsorption. More 
importantly, such unique surface interaction and adsorption 
behavior should not be exclusive to BN nanosheets but general 
to many other 2D nanomaterials.
2. Results and Discussion
First, we carried out density functional theory (DFT) calcu-
lations to reveal the interaction between atomically thin BN 
nanosheets to R6G, a common analyte molecule. Figure 1a,b 
shows side and top views of a R6G molecule on a ﬂat and free-
standing BN nanosheet. R6G preferred the so-called lying-down 
position with the xanthene ring structure parallel to the BN 
plane, with a distance of about 0.8 nm. Such physical adsorp-
tion involved strong π–π interactions between R6G and BN. 
Intriguingly, this state was not stable. As shown in Figure 1d,e, 
the high ﬂexibility of the BN nanosheet made it spontaneously 
curved or distorted to alleviate the stress caused by the mole-
cule adsorption. The deformation can be better seen from the 
height mapping in Figure 1f. The corresponding mappings of 
strain e11, e22, and e12 caused by R6G adsorption are shown 
in Figure 1g–i, and the average macro strain was −0.16% (com-
pressive). The ﬁxed BN nanosheet (Figure 1a–c) can mimic 
bulk hBN crystals, which are rigid and nondeformable upon 
adsorption. Conformational change in an adsorbate results in 
higher adsorption energy, as does conformational change in an 
Adv. Funct. Mater. 2016, 26, 8202–8210
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Figure 1. a–c) Side and top views of a R6G molecule on a BN nanosheet without deformation (initial state), along with the corresponding height 
mapping; d–f) side and top views of a R6G molecule on the same BN nanosheet after conformational change (equilibrium state), along with the cor-
responding height mapping; g–i) the distribution of strain e11, e12, and e22 in the deformed BN nanosheet.
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adsorbent. Thus, atomically thin BN nanosheets should show 
higher adsorption energy and efﬁciency than bulk hBN, which 
is not able to experience conformational change, and such a 
property is independent of surface area.
Next, we conducted experiments to conﬁrm the theoretical 
ﬁndings. The orientation of R6G adsorbed on BN nanosheets or 
graphene has never been experimentally analyzed, so angular 
dependence of near-edge X-ray adsorption ﬁne structure 
(NEXAFS) spectroscopy was used to probe the orientation 
of R6G molecules adsorbed on a monolayer BN. Before the 
adsorption of R6G, the BN nanosheet was cleaned by annealing 
in ultrahigh vacuum (≈10−10 mba) at 425 °C for 5 h. According 
to in situ X-ray photoelectron spectroscopy (XPS), the surface 
of the BN nanosheet was almost free of contamination after 
annealing (see Figure S2, Supporting Information). Figure 2a 
shows the C K-edge NEXAFS spectra of a monolayer of R6G 
molecules (9 Å thick) adsorbed on the clean BN nanosheet at 
different X-ray incident angles (θ). The π* resonances of the 
R6G molecules were highly angularly dependent, indicating 
that the orientation of the R6G on BN was not random. To 
determine the exact molecular orientation of the R6G on the 
BN, six peaks were used to ﬁt the ﬁne structures in the π* 
region, representing different C 1s-π* transitions in the mol-
ecules: 284.7 eV for the C 1s-π*C=C transition of the aromatic
carbons connected to the methyl groups,[15] 285.3 and 285.8 eV 
for the C 1s-π*C=C transition of various aromatic carbons,[16]
286.4 eV for the C 1s-π*C=C transition of the aromatic carbon
bond to iminium groups,[15,17] 287.6 eV for the C 1s-π*C=C tran-
sition of the two carbon atoms adjacent to the oxygen atom in 
the tetrahydropyran ring,[16b] and 288.25 eV for the C 1s-π*C=O
transition of the carboxyl group.[16b] The C atoms corresponding 
to the six transitions are labeled in Figure 2b (C1–C6).
For a threefold substrate symmetry, the intensity of π* reso-
nance (I) depends on θ and α[18]
θ α θ α θ α= +I A cos( , ) ( cos 1
2
sin sin )2 2 2 2 (1)
where θ is the X-ray incident angle; A is a constant; and α is the 
angle between the π vector perpendicular to an aromatic ring 
and the z-axis (inset in Figure 2a). For C1 and C4, the deduced α 
was close to 0°, and their intensities showed an excellent linear 
cosine-squared dependence (Figure 2c), implying the xanthene 
ring structure in R6G was parallel to the in-plane surface of BN, 
whose α ≈ 0° (Figure 1 and Figure S3).[19] The intensities of C5 
slightly deviated from the cosine-squared ﬁtting line at the dif-
ferent angles of incidence, possibly due to disturbance of the π 
orbitals by the oxygen atom in the ring system. In contrast, the 
intensity of C6 showed no polarization dependence, which is 
in accord with the rotational and hence randomly oriented C6 
atom in the carboxyl structure. Therefore, R6G molecules were 
lying down on BN nanosheets, as shown in the calculation.
Adv. Funct. Mater. 2016, 26, 8202–8210
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Figure 2. a) Fittings to the π* resonance of the angularly dependent NEXAFS spectra of the 9 Å R6G deposited on the BN nanosheet, with the geometry 
of the incidence shown in the inset; b) the C atoms corresponding to the six ﬁtted π* transition subpeaks in (a); c) cosine-squared dependence of the 
intensities of the ﬁtted C1, C4, C5, and C6 1s-π* transitions.
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The conformational change in atomically thin BN after the 
coverage of R6G could not be visualized with atomic force 
microscopy (AFM), so we propose to use Raman spectroscopy 
to experimentally detect them. Figure 3a (left) compares the G 
band (E2g mode) frequency of BN nanosheets suspended over 
prefabricated holes in a SiO2/Si substrate before and after the 
immersion in 10−3 M R6G for 60 s, and the inset shows the 
corresponding optical microscopy image. 
The Raman spectrum of the as-prepared 
suspended BN nanosheet showed a G band 
centered at 1366.6 cm−1, close to the value 
of bulk hBN crystals (≈1366.4 cm−1). In our 
previous study,[12c] we showed that atomi-
cally thin BN on SiO2/Si had an upshifted 
Raman frequency with decreased thick-
ness, which was due to strain caused by 
the substrate. However, the suspended BN 
nanosheets were almost free of strain due to 
the absence of the substrate’s disturbance, 
which suggests that the intrinsic Raman fre-
quency of atomically thin BN is very close 
to that of bulk hBN. After R6G adsorption, 
the G band of the suspended nanosheet 
upshifted to 1368.3 cm−1. The average fre-
quency increase for nine pieces of suspended 
BN nanosheets after the R6G adsorption was 
1.6 ± 0.6 cm−1 (green arrow in Figure 3b). 
Interestingly, Raman shifts in the opposite 
direction were observed for BN nanosheets 
bound to SiO2/Si after adsorption of R6G 
(middle of Figure 3a), with an average down-
shift of 1.3 ± 0.7 cm−1 from eight nanosheets 
(blue arrow in Figure 3b). Note that these 
Raman shifts are more than one order of 
magnitude larger than the system error of 
the Raman measurements (see Figure S4, 
Supporting Information). In contrast, the G 
band frequency of bulk hBN crystals did not 
change before and after adsorption of R6G 
(right of Figure 3a). The Raman shifts were 
not caused by water, as in our control experi-
ments, and neither substrate-bound nor sus-
pended BN nanosheets had Raman G band 
changes after immersion in water (without 
R6G). Several factors can cause Raman shifts, 
but it is obvious that crystallinity and tem-
perature factors are irrelevant in the current 
study. The observed Raman shifts cannot be 
attributed to doping by the adsorbed R6G 
molecules either, because unlike graphene, 
BN nanosheets are insulators and have neg-
ligible doping effects after molecule adsorp-
tion according to previous theoretical and 
experimental investigations.[9d,14] As well, 
doping cannot explain the opposing Raman 
shifts observed on the suspended and sub-
strate-bound BN nanosheets after adsorption 
of R6G.
The observed opposite Raman shifts were 
caused by increased (decreased) compressive strain in the sus-
pended (substrate-bound) BN nanosheets due to adsorption of 
R6G. A Raman shift derived from biaxial strain change in BN 
can be estimated by[10c]
ε ω γ ωΔ = −Δ /2G G G0  (2)
Adv. Funct. Mater. 2016, 26, 8202–8210
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Figure 3. a) Comparison of the Raman spectra of suspended and substrate-bound BN 
nanosheets as well as bulk hBN before (black) and after (red) adsorption of R6G molecules, 
with the optical images as insets; b) summary of the average frequency shifts of the Raman G 
band before (black) and after (red) the adsorption of R6G on suspended (N = 9) and substrate-
bound (N = 8) BN nanosheets, with the theoretically predicted strain labeled in gold; diagrams 
showing strain changes in c) suspended and d) substrate-bound BN nanosheets after adsorp-
tion of R6G, and the corresponding Raman shifts.
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where ωΔ G is the frequency shift of the Raman G band of BN 
caused by strain change εΔ ; γG is the Grüneisen parameter of 
hBN (0.89);[20] and ωG
0  is the G band frequency of unstrained 
BN. As shown in Figure 3c, the as-prepared suspended BN 
nanosheets had almost no strain, but the adsorption of R6G 
made the BN nanosheets deformed and compressively strained. 
Based on Equation (2) and the theoretically calculated strain 
(−0.16% as aforementioned), the adsorption of R6G should 
upshift the G band of BN nanosheets to 1369.2 cm−1, as indi-
cated by the dotted gold line in Figure 3b. On the contrary, 
the as-prepared substrate-bound BN nanosheets initially had 
a relatively large compressive strain due to the uneven SiO2 
substrate,[12c,21] which was larger than the strain induced by the 
adsorption of R6G (Figure 3d). As the result, the R6G adsorp-
tion made the nanosheets less deformed, which reduced their 
strain and downshifted their Raman band. Such strain change is 
justiﬁed by the height distribution and hence roughness change 
in BN nanosheets bound to SiO2 and after R6G adsorption (see 
Figure S5, Supporting Information). Therefore, R6G molecules 
may have been able to lift and then deform the BN nanosheets 
by overcoming the substrate adhesion. From an energy point 
of view, this is plausible. Although the interaction between BN 
nanosheets and SiO2 substrate has not been measured before, 
the adhesion energy between graphene and SiO2 was reported 
to be 0.24–0.31 J m−2.[22] The adsorption energy between R6G 
and a BN nanosheet was calculated to be 1.55 eV, i.e., 0.26 J m−2, 
which is in the same range as the substrate-adhesion energy.
Conformational changes in atomically thin BN are not 
exclusive to the adsorption of R6G; 4-MBA molecules can also 
deform atomically thin BN nanosheets. According to theo-
retical calculations, a 4-MBA molecule spontaneously sank 
into a BN nanosheet from the deformation-free initial state to 
equillibrium state (Figure 4a–f). The conformational change 
caused an average strain of −0.087% in the BN nanosheet, and 
the strain distributions are shown in Figure 4g–i. Similarly, 
Raman could be used to detect such conformational changes. 
As with R6G, opposing Raman shifts were recorded for the 
suspended and substrate-bound BN after the adsorption of 
4-MBA: the suspended BN nanosheets showed an average
Raman upshift of 1.2 ± 0.4 cm−1 (green arrow in Figure 5),
and the substrate-bound 2 L BN showed an average Raman
downshift of 2.9 ± 0.6 cm−1 (blue arrow in Figure 5). The
upshifted Raman frequency of the suspended BN nanosheets
after adsorption of 4-MBA was due to conformational changes
that increased strain in the nanosheets, and substrate-bound
nanosheets showed reduced strain and hence downshifted
Raman frequency. In both cases, the Raman frequency
shifted toward the theoretically calculated value labeled by the
dotted line in gold (Figure 5). The adsorption energy for 4-MBA
on a deformed BN nanosheet was 0.25 J m−2, similar to that
of R6G. That is, the surface adsorption of 4-MBA can also lift
atomically thin BN nanosheets up from the SiO2/Si substrate.
Molecule-induced conformational change is expected to be a
phenomenon common to the interaction between molecules
Adv. Funct. Mater. 2016, 26, 8202–8210
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Figure 4. a–c) Side and top views of a 4-MBA molecule on a BN nanosheet without deformation (initial state), along with the corresponding height 
mapping; d–f) side and top views of a 4-MBA on the same BN nanosheet after conformational change (equilibrium state), along with the corresponding 
height mapping; g–i) the distribution of strain e11, e12, and e22 in the deformed BN nanosheet.
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and other 2D nanomaterials that also have small rigidity or 
high ﬂexibility.
The special adsorption behavior in atomically thin 
nanosheets is valuable for many applications. For example, 
as aforementioned, conformational change can increase the 
adsorption energy and efﬁciency of nanosheets; in contrast, 
bulk crystals are not able to make such changes. In other words, 
nanosheets should have better surface adsorption than the cor-
responding bulk materials even with the same surface area. To 
compare the adsorption capability of atomically thin and bulk 
BN, we immersed BN nanosheets in an aqueous R6G solution 
(10−3 M) for different lengths of time; the nanosheets were 
then washed with Milli-Q water to remove nonadsorbed mol-
ecules. After immersion for 40 s, 1 L and 2 L BN nanosheets 
were covered with densely packed islands of adsorbed R6G 
molecules with a thickness of ≈0.8–1.0 nm (Figure 6a,b). This 
thickness corresponds to a monolayer of lying-down R6G, con-
sistent with our DFT calculations. After 60 s, the R6G islands 
converged to form a complete monolayer, on top of which new 
islands started to form. After 300 s of immersion, relatively 
larger regions of two to three layers of R6G dominated the sur-
face. Therefore, the physisorption of R6G on atomically thin 
BN seemed to follow the Stranski–Krastanov (layer-by-island) 
growth mode, as illustrated in Figure 6c. Less R6G adsorption 
occurred on 5 L BN than on 1–3 L BN (see Figure S6, Sup-
porting Information). No complete layer of R6G was found on 
the surface of bulk hBN crystals even after 300 s of immersion; 
instead, only discontinuous islands of two-layer-thick R6G were 
present (Figure 6d). Therefore, the adsorption on bulk hBN 
followed the Volmer–Weber (island) mode. These results sug-
gest that the adsorption energy of R6G on atomically thin BN 
was greater than the cohesion energy among R6G molecules, 
whereas the adsorption energy of R6G on bulk hBN was less 
than the cohesion energy. That is, the adsorption energy of R6G 
on atomically thin BN and R6G is larger than that on bulk hBN, 
in full agreement with the expectation from conformational 
change. A similar trend in adsorption was obtained from the 
suspended BN nanosheets (see Figure S7, Supporting Infor-
mation). The adsorption of 4-MBA on BN nanosheets was also 
superior to that on bulk hBN, as conﬁrmed by AFM (Figure 7). 
Therefore, even with the same surface area, atomically thin BN 
is more effective than bulk hBN at adsorbing molecules due to 
conformational change.
To further demonstrate the application of conformational 
change, BN nanosheets and commercial (bulk) hBN particles 
of the same surface area were used for water cleaning. The 
nanosheets had a surface area 18 times larger than the bulk 
hBN particles (46.2 vs 2.6 m3 g−1), as measured by the Brunauer-
Emmett-Teller (BET) method, so the cleaning effect of 3 mg of 
BN nanosheets toward R6G solution (10−6 M) was compared to 
that of 54 mg of the hBN particles. After immersed in the solu-
tion for 5 min, the BN materials were removed by centrifugation, 
and the amounts of R6G left in the solution were compared. As 
shown in Figure 8a, BN nanosheets (Cycle 0) were more effec-
tive in removing R6G dyes from the solution than the bulk hBN 
particles, reﬂected by different color changes. According to the 
results from UV–vis spectroscopy in Figure 8b, the concentra-
tions of R6G residues in the solution cleaned by BN particles and 
Adv. Funct. Mater. 2016, 26, 8202–8210
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Figure 6. a) 1 L and b) 2 L BN after the immersion in aqueous solution of R6G (10−3 M) for 40, 60 and 300 s (height range 5 nm); c) schematic dia-
grams of the adsorption process of R6G on atomically thin BN; d) AFM image of the R6G adsorbed on a bulk hBN crystal (≈1 μm thick) under the 
same condition for 300 s (height range 5 nm) and the corresponding schematic diagrams. Scale bars in (a, b, and d) 250 nm.
Figure 5. The frequency shifts of the Raman G band before (black) 
and after (red) the adsorption of 4-MBA molecules on suspended and 
substrate-bound BN nanosheets, with the theoretically predicted strain 
labeled in gold.
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nanosheets were 3.7 × 10−7 and 8.9 × 10−8 M, respectively. That 
is, the bulk hBN particles removed ≈60% of R6G from the solu-
tion, while BN nanosheets with the same surface area adsorbed 
≈90% of the dye due to the larger adsorption energy thanks to
conformational change. These results are consistent with the
AFM studies in Figure 6. In addition, the BN nanosheets can be
reused without noticeable loss of efﬁciency. According to our pre-
vious study, atomically thin BN nanosheets are much more ther-
mally stable than graphene and can survive ≈800 °C in air.[12c]
Therefore, the adsorbed organic molecules can be eliminated
by heat treatment, and the regenerated BN nanosheets can be
reused. It can be seen in Figure 8 (Cycles 1 and 2) that the water
cleaning performance of the BN nanosheets after two cycles of
the reusability test by heating at 400 °C in air for 10 min was on
par with the starting material (Cycle 0). This experiment high-
lights the importance of thickness of a material besides its sur-
face area and chemistry in water cleaning.
The conformational change-induced stronger surface adsorp-
tion in BN nanosheets is also highly desirable for sensing. For 
this application, the BN nanosheets were added to R6G solu-
tion (10−7 M), and the mixture was dropped on prefabricated 
substrates for surface enhanced Raman spectroscopy (SERS). 
The SERS substrates were homogeneously covered by plasmon-
ically active silver nanoparticles. BN nanosheets could attract 
a large number of R6G molecules on their two surfaces and 
turned red. When deposited on the SERS substrates, these con-
centrated or enriched molecules on BN nanosheets gave rise 
to strong Raman signals (black in Figure 9). In contrast, when 
BN nanosheets were not added, pure R6G solution showed very 
weak signals (red in Figure 9) because R6G molecules in this 
case were much diluted. No meaningful signals were detected 
from the bulk hBN particles after immersion under the same 
conditions, likely due to their large thickness that blocked 
Raman scattering.
3. Conclusion
DFT calculations showed conformational 
changes in atomically thin BN nanosheets 
after physisorption of molecules such as R6G 
and 4-MBA, resulting in a greater adsorption 
energy of the nanosheets. We experimen-
tally detected such conformational changes 
in both suspended and substrate-bound BN 
nanosheets using Raman spectroscopy and 
NEXAFS. Furthermore, we found that atomically thin and bulk 
BN followed different adsorption modes, suggesting stronger 
adsorption capability of nanosheets. These results were fully 
consistent with the presence of conformational change in atom-
ically thin nanosheets predicted by the theoretical calculations. 
We also demonstrated that the unique adsorption behavior of 
BN nanosheets led to many novel applications, including more 
efﬁcient water cleaning and highly sensitive molecule detection.
4. Experimental Section
DFT calculations were carried out using the Vienna ab initio simulation 
package. The exchange-correlation interaction was described by 
generalized gradient approximation with the Perdew–Burke–Ernzerhof 
functional. The van der Waals interactions were described by a DFT-D3 
method with Becke–Jonson damping in all calculations. The lattice 
constants a and b were free to change during the relaxation, while the 
lattice constant c was kept to 25 Å. The energy cut-off was set to 500 eV. 
Only the gamma point was used. The strain was computed based on the 
deﬁnitions of Green-Lagrangian strain.
The BN nanosheets on 90 nm SiO2/Si substrate were mechanically 
exfoliated from single-crystal hBN by the Scotch tape technique.[3c,12c,23] 
In detail, the hBN crystals were repeatedly exfoliated on a piece of tape, 
and then the tape with hBN was stuck onto the clean SiO2/Si wafers. 
The manual removal of the tape left BN nanosheets on the substrates. 
Atomically thin BN was located using an Olympus optical microscope 
(BX51), and the thickness was measured by a Cypher AFM in both 
tapping and contact modes. The average thicknesses for the 1 L, 2 L, and 
3 L BN nanosheets were 0.43, 0.89, and 1.26 nm, respectively (Figure S8, 
Supporting Information). Suspended BN nanosheets were exfoliated on 
prefabricated 90 nm SiO2/Si substrate with 1.2 μm holes (depth: 2 μm) 
following the same exfoliation procedure. Raman spectra were taken 
with a Renishaw inVia Raman microscope equipped with a 514.5 nm 
laser. A 100× objective lens with a numerical aperture of 0.90 was used. 
The laser power was 2.5 mW. All Raman spectra were calibrated with 
the Raman band of Si at 520.5 cm−1. Compared with bulk hBN crystals 
whose Raman G band was at 1366.4 cm−1, atomically thin BN on 
Figure 7. AFM images comparing the adsorption capability between a 1 L and bulk BN on 
substrate (scale bars 500 nm).
Figure 8. Photo of initial R6G water solution (10−6 M) (far left) and after cleaning by bulk hBN particles (left), BN nanosheets (middle), and reused 
BN nanosheets for up to two cycles (right and far right); b) UV–vis spectra of the ﬁve solutions; c) the estimated concentration of R6G residues in the 
solution after the cleaning by bulk hBN particles and BN nanosheets after different reusability cycles.
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SiO2/Si showed upshifted G band frequencies due to the disturbance 
from the substrate and hence compressive strain in the nanosheets.[3c,12c]
The BN nanosheets for water cleaning and sensing were synthesized 
by the chemical blowing method.[24] They were few-layer thick (see 
Figure S9, Supporting Information). The as-synthesized BN nanosheets 
(3 mg) and commercial bulk hBN particles (54 mg) were immersed in 
R6G aqueous solution (50 mL@10−6 M) for 5 min. After centrifugation 
at 14 000 rpm for 10 min to remove BN, the solution was collected for 
UV–vis spectroscopy. The UV–vis spectra were collected from a Varian 
Cary 300 spectrometer under double beam mode. The scan rate was 
600 nm min−1 and the scan step was 1.000 nm. For the reusability test, 
the BN nanosheets with R6G were heated at 400 °C in air for 10 min to 
burn out the adsorbed molecules. For sensing, the BN nanosheets were 
ﬁrst dispersed in water by sonication, and then 2–3 mL of the solution 
was added to 10−7 M R6G solution. The red sediment of BN nanosheets 
(with R6G adsorption) was deposited on prefabricated SERS substrate. 
The SERS substrates were produced by sputtering of a 10 nm Ag ﬁlm 
on SiO2/Si wafer and then heating at 450 °C in Ar to convert the ﬁlm 
to plasmonic nanoparticles.[3c,g,j] For the SERS of pure R6G solution 
without BN nanosheets, the same volume of the R6G solution was 
dropped on the SERS substrate.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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1. Conformational change in bilayer BN nanosheets
We also did DFT calculations on bilayer (2L) BN nanosheets, which also showed 
conformational change after the adsorption of R6G molecules. 
Figure S1. (a) Side-view of the conformational change in a 2L BN; (b) the corresponding 
height mapping. 
2. In situ XPS after vacuum annealing and R6G evaporation
The BN nanosheet was cleaned by annealing in ultra-high vacuum (~10-10 mba) at 425 ºC for 
5 h before adsorption of R6G. In situ x-ray photoelectron spectroscopy (XPS) showed the 
carbon content was less than 1%, i.e. almost contamination free. The C1s peak increased 
dramatically after the adsorption of a 9 Å thick layer (i.e. monolayer) of R6G. It means that 
the C signals in the angularly dependent NEXAFS spectra (Figure 2) only came from R6G. In 
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the XPS measurements, the excitation energy was 750 eV and the E-pass was 20 eV. The 
excitation photon energy was calibrated by the photon energy measured on a reference Au 
sample in the high-vacuum chamber. 
Figure S2. XPS spectra of a 1L BN nanosheet before and after R6G adsorption. 
3. NEXAFS study of the BN nanosheet
The orientation of the BN nanosheet on substrate was investigated using angularly-dependent 
NEXAFS spectroscopy. The π* resonance in the B K-edge region was highly angular 
dependent (Figure S3a). Its intensity mostly followed the linear cos2θ function (Figure S3b). 
Therefore, the in-plane of the BN nanosheet was almost parallel to the surface of its substrate.  
Figure S3. Angularly-dependent NEXAFS of B K-edge of the BN nanosheet on substrate. 
4. Error of the Raman measurements
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The error of the Raman system was estimated by repeated measurements on a Si wafer. The 
average error was found to be 0.03±0.04 cm-1, which is more than one order of magnitude 
smaller than the Raman shift measured from BN nanosheets before and after molecule 
adsorption. Figure S4 shows all the data (N=10) and the average frequency with standard 
deviation. 
Figure S4. All Raman data from a Si wafer (upper) and the average value with standard 
deviation. 
5. Roughness change of substrate-bound BN nanosheets before and after R6G
adsorption 
We used AFM to deduce the height distribution of a BN nanosheet on SiO2 without R6G (red) 
and the SiO2 substrate (Figure S5), and the results basically agree with the previously reported 
results. The height distributions indicate that the BN nanosheets with adsorbed R6G were 
much smoother (i.e. less strained) than the BN nanosheets on SiO2.  
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Figure S5. Comparison of the height distribution of the deformed BN nanosheets due to the 
R6G adsorption deduced from the theoretical calculations, the BN nanosheets on SiO2/Si and 
the SiO2/Si substrate from AFM measurements to show their different roughness. 
6. R6G adsorption on 3L and 5L BN
Figure S6 compares the adsorption of R6G molecules on 1L, 2L, 3L, and 5L BN nanosheets 
after the immersion in aqueous solution of R6G (10-3 M) for 300 s. 
Figure S6. AFM images of the R6G adsorbed on (a) 1L, (b) 2L, (c) 3L, and (d) 5L BN 
nanosheets after the immersion in aqueous solution of R6G (10-3 M) for 300 s. All scale bars 
250 nm. 
7. Surface adsorption of R6G on suspended BN nanosheets
The amount of R6G adsorbed on suspended BN cannot be directly examined by AFM, as it is 
challenging to image suspended atomically thin nanosheets. As an alternative method, 
photoluminescence (PL) was used to compare the quantities of adsorbed R6G on suspended 
1-2L BN. Under the same adsorption conditions (i.e., 10-3 M R6G solution for 60 s), the PL 
signal from R6G adsorbed on the suspended 1L BN was more intense than that on suspended 
2L BN (Figure S7), suggesting that more R6G molecules were adsorbed on the 1L nanosheets. 
This result is consistent with that obtained from substrate-bound nanosheets. It should be 
noted that similar to the substrate-bound nanosheets, R6G was adsorbed on only one side of 
the suspended BN which completely covers the hole. Additionally, the different amount of 
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R6G adsorbed on suspended 1L and 2L BN nanosheets eliminates the possibility that the 
better adsorption performance of the atomically thin BN on SiO2 substrate, as shown in Figure 
6, was caused by its larger surface charge, though the electric field caused by the dipolar 
water film between BN nanosheets and the SiO2 substrate is less screened with decreasing 
nanosheet thickness. 
Figure S7. PL spectra of R6G adsorbed on suspended 1L and 2L BN nanosheets (over holes 
of 1.2 μm in diameter in SiO2/Si wafer) under the same conditions, suggesting that for 
suspended nanosheets, their adsorption performance also depends on the thickness. 
8. AFM characterization of the BN nanosheets
Figure S8a shows an AFM image of a typical BN nanosheets produced from mechanical 
exfoliation. The average thicknesses for 1L, 2L and 3L BN are 0.43, 0.89 and 1.26 nm, 
respectively (Figure S8b). 
Figure S8. AFM image of 1-3L BN nanosheets on SiO2/Si substrate (the scale bar 3 μm); (b) 
the corresponding height distribution. 
Publication 2. Molecule-Induced Conformational Change in Boron Nitride Nanosheets with Enhanced Surface Adsorption
85
6 
9. AFM of the BN nanosheets produced by the chemical blowing method
An AFM image of a BN nanosheet produced by chemical blowing method. The nanosheet 
had a thickness of 1.35 nm, i.e. 3L. 
Figure S9. AFM image of a BN nanosheet (1.35 nm thick, i.e. 3L) produced by the chemical 
blowing method on SiO2/Si wafer. 
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Boron nitride nanosheets as improved and
reusable substrates for gold nanoparticles enabled
surface enhanced Raman spectroscopy†
Qiran Cai,a Lu Hua Li,*a Yuanlie Yu,b Yun Liu,c Shaoming Huang,d Ying Chen,*a
Kenji Watanabee and Takashi Taniguchie
Atomically thin boron nitride (BN) nanosheets have been found to be excellent substrates for noble metal
particles enabled surface enhanced Raman spectroscopy (SERS), thanks to their good adsorption of
aromatic molecules, high thermal stability and weak Raman scattering. Faceted gold (Au) nanoparticles
have been synthesized on BN nanosheets using a simple but controllable and reproducible sputtering and
annealing method. The size and density of the Au particles can be controlled by sputtering time, current
and annealing temperature etc. Under the same sputtering and annealing conditions, the Au particles on
BN of diﬀerent thicknesses show various sizes because the surface diﬀusion coeﬃcients of Au depend on
the thickness of BN. Intriguingly, decorated with similar morphology and distribution of Au particles, BN
nanosheets exhibit better Raman enhancements than silicon substrates as well as bulk BN crystals.
Additionally, BN nanosheets show no noticeable SERS signal and hence cause no interference to the
Raman signal of the analyte. The Au/BN substrates can be reused by heating in air to remove the
adsorbed analyte without loss of SERS enhancement.
Introduction
Raman spectroscopy is a valuable non-destructive analytical tool for
chemistry, biology, geology, solid-state physics as well as applica-
tions in pharmaceutical, cosmetic, food and environment-related
industries. However, the very weak signal greatly limits the wide
use of this technique.1 Surface enhanced Raman spectroscopy
(SERS) which takes advantage of surface plasmons induced
electromagnetic fields and/or chemical charge transfer can
enormously increase the signals of Raman spectroscopy and
therefore broaden its use,1–3 especially that the electromagnetic
enhancement by metal nanoparticles can achieve single mole-
cule detection.4–6
Two-dimensional (2D) nanomaterials, including graphene,
hexagonal boron nitride (BN), molybdenum disulfide (MoS2)
nanosheets, provide new possibilities for SERS. Actually, graphene
has been found to be an excellent substrate for SERS. It can not only
boost Raman signals via chemical enhancement,7,8 but also attract
analyte molecules in a more controllable way9 and quench fluores-
cence.10 However, chemical enhancement by graphene alone is not
as eﬀective as electromagnetic enhancement. Therefore, composites
of graphene and metal nanoparticles have also been proposed for
SERS to combine the advantages of graphene and the high
enhancement factor from metal nanoparticles.9,11–13 In contrast,
the possible use of non-carbon 2D nanomaterials in SERS has not
been explored much. For example, there have been only a few
reports of using BN nanosheets for Raman enhancement.8,14,15
Nevertheless, in spite of its similar crystal structure, BN has many
different properties from the carbon counterpart, such as distinct
chemical bonds and band structure,16 higher thermal and chemical
stability,17 different surface state and weaker Raman scattering.18
These properties give BN certain advantages over carbon as a SERS
substrate. For example, the stronger resistance to oxidation makes
BN nanosheets more preferable for reusable SERS substrates than
graphene, because BN nanosheets can sustain heating in air at
higher temperatures to remove attached analytes for reuse.14 In
addition, BN nanosheets only show a Raman G band of low
intensity,17–19 which is too weak to show in the SERS spectrum
and therefore only Raman signals of analyte are present.
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Here, we report that atomically thin BN nanosheets are
excellent substrates for metal nanoparticles enabled SERS. Gold
(Au) nanoparticles were prepared on BN by a straightforward but
eﬀective and repeatable sputtering and annealing method. The
size of the metal particles can be controlled by the thickness of
the sputtered thin film. Rhodamine 6G (R6G) solution was used
to compare the Raman enhancements of Au decorated silicon
oxide, atomically thin BN and bulk hBN particles. Interestingly,
the atomically thin BN substrate showed the strongest Raman
signals of R6G. This phenomenon can be attributed to the
unique properties of BN nanosheets. Furthermore, the Au nano-
particles decorated BN substrates for SERS are reusable with no
noticeable decrease of Raman enhancement.
Experimental
Preparation of BN nanosheets
The BN nanosheets were exfoliated from high-quality hBN single
crystals20,21 on silicon wafer covered by 90 nm thick silicon oxide
(SiO2/Si) using the Scotch tape technique.
17,19 Heat treatments at
350 1C were conducted in a tubular furnace in air for 3 h to
remove possible moisture and adhesive residue on the samples.
The nanosheets were identified using an Olympus BX51 optical
microscope equipped with a DP71 camera. Then, a Cypher
atomic force microscope (AFM) was used to measure the
nanosheet thickness in tapping and contact modes using Si
cantilevers. The nanosheets were also analyzed using a Renishaw
inVia Raman microscope equipped with a 514.5 nm laser.
Synthesis of Au particles
Thin layers of Au film (B8–12 nm in thickness) were firstly
sputtered on the SiO2/Si substrate with the BN nanosheets and
bulk hBN particles under the protection of argon (Ar) at a
pressure ofB0.5  101 mbar (SCD050, Bel-Tec). The sputtering
current was 40 mA and the sputtering time was in the range of
20 to 40 s. Then, the Au film covered substrates were annealed at
600 1C for 1 h in an Ar atmosphere. The size of the Au particles
was measured using the AFM.
SERS measurements
The Au particles covered substrates were immersed in 106 M
R6G (Z95%, Fluka) water (Milli-Q) solution for 1 h, followed by
washing with Milli-Q water to remove remaining drops of R6G
solution. The reusability was tested by heating the substrate
with R6G at 400 1C in air for 5 min and re-immersed in the R6G
solution of the same concentration up to five times. A 100
objective lens with a numerical aperture of 0.90 was used in the
Raman measurements. The laser power was B2.5 mW. All
Raman spectra were calibrated with the Raman band of Si at
520.5 cm1.
Results and discussion
The BN nanosheets exfoliated on SiO2/Si substrates were heated
at 350 1C in air for 3 h to remove possible moisture and tape
residue. The moisture may aﬀect the AFMmeasurements of the
thickness of the nanosheets; the tape residue could weaken the
adsorption capability of BN nanosheets as well as cause extraneous
Raman signals. Fig. 1a shows an optical photograph of BN
nanosheets of 1–3 layers (L) and a bulk hBN after heating: the
thinner the nanosheets, the lower the optical contrast. Consistent
to our previous reports,17,19 the Raman frequency of the G band of
atomically thin BN on the SiO2/Si substrate upshifts with the
decrease of thickness: 1370.5 cm1 for 1L, 1370.0 cm1 for 2L,
1368.1 cm1 for 3L and 1366.8 cm1 for the bulk. In addition,
thinner nanosheets generally show broader G bands. AFM results
in Fig. 1c and d show that the thicknesses of the 1–3L BN are 0.40,
0.85 and 1.25 nm, respectively.
Au nanoparticles were produced on the BN and SiO2/Si
substrate by a sputtering and annealing method. A thin layer
of Au film was deposited on the substrate by sputter coating
and then the annealing at 600 1C transferred the film to Au
particles. Few-layer BN is visible under an optical microscope
after sputtering and annealing (Fig. 1e and f). It is well-known that
surface plasmon resonance and therefore SERS enhancement are
Fig. 1 (a) Optical image of 1–3L BN nanosheets along with a bulk BN on
SiO2/Si substrates; (b) normalized Raman spectra of the BN of different
thicknesses; (c) AFM image of the 1–3L BN, as shown in the square in (a);
(d) height trace of the dashed line in the AFM image in (c); (e) optical image
of the few-layer BN covered by a thin film of sputtered Au; (f) optical image
of the same area after annealing to transfer the Au film to particles.
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highly dependent on the size, shape and distribution of metal
nanoparticles. It is found that the size and distribution of Au
particles on BN can be easily controlled by this synthesis
method. The AFM images in Fig. 2a, d and g demonstrate the
eﬀect of sputtering time (namely, 20, 30 and 40 s) on the size
and distribution of Au particles on BN; while other conditions,
such as the sputtering current (40 mA) and annealing temperature
(600 1C), are kept the same. According to AFM measurements, the
thicknesses of the Au films from the three sputtering time are
about 8, 10 and 12 nm, respectively. With the increase of sputtering
time, i.e. deposition thickness, the Au particles become larger and
hence lower in density. The average diameter is 63 nm for the
sputtering time of 20 s, 94 nm for 30 s and 154 nm for 40 s,
respectively (Fig. 2b, e and h). The change in particle height follows
a similar trend: average 20 nm for the sputtering time of 20 s,
27 nm for 30 s and 35 nm for 40 s, respectively (Fig. 2c, f and i).
Note that the uniformity of both particle diameter and height
decreases for longer sputtering time, i.e. broader distributions in
Fig. 2e, f, h and i than those in Fig. 2b and c.
Most of the Au particles have a hexagon shape and flat top,
suggesting that Au particles are highly crystallized and with a
preferential orientation of the (111) planes parallel to the
substrate surface.13,22,23 This suggests that the Au films melt
(at least partially) at the annealing temperature of 600 1C (the
melting point of Au could be strongly influenced by its size or
thickness)24 and recrystallized during the cooling process. The
diﬀerent stress and crack in the Au films of diﬀerent thick-
nesses during the heating can explain the diﬀerent particle size
and distribution achieved by diﬀerent sputtering time. The
formation of larger particles from the thicker Au film produced
by longer sputtering time is due to the tendency of thicker film to
break into larger fractions during heating. The less uniformity in
particle size and distribution from the longer sputtering time
might be attributed to less homogeneity in fractions of thicker
film during heating. It should be mentioned that the size and
distribution of Au particles can also be adjusted by sputtering
current and annealing temperature, which is not shown here.
It is also found that under the same sputtering and annealing
conditions, the size and distribution of Au particles are slightly
diﬀerent among atomically thin BN nanosheets, bulk BN and
SiO2/Si wafer. The Au particles on BN are generally larger than
those on the SiO2/Si wafer, but few-layer BN had smaller particles
than bulk BN (Fig. 3). The particle density of the three substrates
follows a contrary trend. The diﬀerences are due to a kinetic
Fig. 2 (a), (d) and (g) AFM images showing the size and distribution of Au particles on BN using diﬀerent sputtering times (20, 30 and 40 s, respectively);
(b), (e) and (h) statistics of the AFM-derived particle diameter and corresponding Gaussian fits of the distribution; (c), (f) and (i) statistics of particle height
and corresponding fits. All scale bars are 500 nm.
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factor: surface diﬀusion. As mentioned previously, the Au films
melt and hence can diﬀuse on the substrates during the annealing
at 600 1C. Therefore, the surface diﬀusion coeﬃcient, i.e. the rate
at which Au migrates and integrates with surrounding clusters to
form larger particles, determines the size of the synthesized Au
particles. A higher surface diﬀusion coeﬃcient means a larger
migrating rate and hence higher probability to form larger Au
particles, and vice versa.25 It is not surprising that the diﬀusion
coeﬃcient of BN is larger than SiO2/Si,
26 but this is the first
observation that few-layer and bulk BN have diﬀerent diﬀusion
coeﬃcients. The diﬀerence in diﬀusion should be caused by
diﬀerent flatness.27 Atomically thin nanosheets are flexible and
tend to follow the roughness of the substrate, normally result-
ing in larger roughness than the bulk crystal.28,29 The rough-
ness of 1L BN can reduce the diﬀusion coeﬃcient and result in
smaller Au particles.
The size and distribution of Au particles were optimized for
SERS purpose. Because the produced Au particles are slightly
diﬀerent for BN nanosheets, bulk BN and SiO2/Si wafer under
the same sputtering and annealing conditions, sputtering time
was tuned to obtain similar size and distribution of Au particles
on the three substrates for direct comparison of their SERS
enhancements. As shown by the AFM images in Fig. 4a–c, Au
particles of similar morphology and density were formed on 1L
BN, bulk BN and SiO2/Si wafer at sputtering time of 32, 30 and
35 s, respectively. The statistics of the diameter and height of
the Au particles on the three substrates can be found in the
ESI† (Fig. S1). The Raman enhancements of the three Au
particles decorated substrates are compared using 106 M
aqueous solution of R6G (Fig. 4d). Raman signals of R6G were
greatly enhanced by all three substrates, indicating that the
faceted Au particles produced by the sputtering and annealing
Fig. 3 AFM images of Au particles produced on (a) 1L BN, (b) bulk BN and (c) SiO2/Si wafer by 30 s sputtering and 600 1C annealing. The scale bars are 500 nm.
Fig. 4 AFM images of Au particles on (a) monolayer BN, (b) bulk BN and (c) SiO2/Si substrates, respectively. The scale bars are 500 nm. (d) Raman spectra
of R6G on the three SERS substrates; (e) a diagram illustrating that R6G molecules are absorbed on a monolayer BN, which can improve the SERS
enhancement.
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method are suitable for SERS applications. However, both 1L
and bulk BN show more signal enhancements than the SiO2/Si
substrate, mainly because BN is better in adsorption of R6G via
p–p interactions. As illustrated in Fig. 4e, although Au particles
are able to adsorb a certain amount of R6G molecules, the
surface of BN can adsorb dramatically more R6G than SiO2/Si.
These additionally adsorbed molecules are located in the so-called
‘‘hot spots’’ or gaps among Au particles and hence greatly electro-
magnetically enhanced, leading to the stronger Raman signals. The
dipole interactions between BN and R6Gmay also contribute to the
better enhancement.8
Intriguingly, we noticed that atomically thin BN (including
1–3L) shows more intensified R6G Raman signals than bulk BN
particles (Fig. 4d and Fig. S2 in the ESI†). This phenomenon
should not be caused by the dipole interaction induced
chemical enhancement, because the dipole interactions among
BN of different thicknesses should be similar, as demonstrated
in a previous study which shows that BN of different thick-
nesses had the same magnitude of chemical enhancement in
Raman.8 Therefore, it could be due to stronger adsorption
capability of atomically thin BN than bulk BN. This special
property of BN nanosheets needs further study and may also be
applicable to graphene and other 2D nanomaterials.
It should also be emphasized that diﬀerent from graphene
which normally introduces strong intrinsic Raman bands of carbon
(G, 2D and possibly D bands) to the SERS spectrum,10,30–32 the
Raman signal of BN nanosheets seems to be barely enhanced
by the Au particles and is absent from the SERS results (black
spectrum labelled ‘‘after heating’’ in Fig. 5). This makes BN
more attractive for SERS, because it does not cause interference
with analyte signals.
The reusability of the Au particles coated 1L BN was also
tested. To clean oﬀ the adsorbed R6G molecules, the substrate
was heated at 400 1C in air for 5 min. After the heating
treatment, almost no Raman signal of R6G was observed and
there was only a featureless fluorescence background (black,
Fig. 5), implying eﬀective removal of the R6G. The heated
substrate was then re-immersed in R6G solution of the same
concentration for the SERS test, as described previously. The
heating and re-adsorption processes were repeated five times
on the same 1L BN decorated by Au particles. Fig. 5 shows the
Raman spectra from the five cycles of the reusability test. It is
worth emphasizing that the 1L BN shows no noticeable loss of
SERS enhancement after the five cycles, as there is almost no
change in the Raman intensity and the spectral features and
peak positions of R6G. The good recyclability can be attributed
to the excellent thermal stability of atomically thin BN: mono-
layer BN can sustain more than 800 1C in air; while graphene
starts oxidation at less than 300 1C.14,17 Thus, the Au/BN hybrid
enables reusable SERS substrates that can withstand multiple
thermal regeneration cycles.
Conclusions
In summary, BN nanosheets were used as substrates for highly-
sensitive metal nanoparticles enabled SERS substrates. The Au
particles were produced by a simple but eﬀective sputtering and
annealing method. The particle size and distribution can be
controlled by sputtering current, time and annealing tempera-
ture, and hence optimised for SERS. It is found that BN
nanosheets show better Raman enhancements than bulk BN
and SiO2/Si, no interference with Raman signals from the
analyte and a good reusability without noticeable loss of
enhancement. Therefore, BN nanosheets are excellent sub-
strates for metal particles enabled SERS.
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1. Statistics on the diameter and height of the Au particles in Figure 4a-c
The statistics on the diameter and height of the Au particles on 1L BN, bulk BN and SiO2/Si in Figure 4a-c 
are shown in Figure S1. It can be seen that both the distributions and averages of the diameter and height of 
the Au particles on the three surfaces are similar and the direct comparison of their SERS signals in Figure 
4d is justified.
2. SERS spectra of R6G on 1-3L BN
Figure S2 compares the Raman signals of R6G (10-6 M) on 1L, 2L and 3L BN nanosheets covered by Au 
particles of similar diameters and heights, demonstrating that 1-3L BN nanosheets have a comparable 
enhancement in Raman signal due to their similar adsorption capability. These enhancements are much 
stronger than those of bulk BN and the SiO2/Si substrate (Figure 4d). 
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Figure S1. Statistics on the diameter and height of the Au particles on 1L BN, bulk BN and SiO2/Si shown 
in Figure 4a-c.
Figure S2. Raman spectra of R6G (10-6 M) adsorbed on 1-3L BN covered by Au particles of similar 
diameter and height.
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.Atomically thin …
… boron nitride nanosheets have many desirable properties for surface-enhanced
Raman spectroscopy. In their Communication on page 8405 ff. Y. Chen, L. H. Li, and co-
workers show that when used to cover plasmonic silver nanoparticles (Ag NPs),
atomically thin boron nitride nanosheets can enhance the sensitivity by up to two orders
of magnitude. The impermeability and thermal stability of boron nitride nanosheets
protects the Ag NPs from oxidation so that the substrates can be regenerated by heating
in air and reused.
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Boron Nitride Nanosheets Improve Sensitivity and Reusability of
Surface-Enhanced Raman Spectroscopy
Qiran Cai, Srikanth Mateti, Wenrong Yang, Rob Jones, Kenji Watanabe, Takashi Taniguchi,
Shaoming Huang, Ying Chen,* and Lu Hua Li*
Abstract: Surface enhanced Raman spectroscopy (SERS) is
a useful multidisciplinary analytic technique. However, it is still
a challenge to produce SERS substrates that are highly
sensitive, reproducible, stable, reusable, and scalable. Herein,
we demonstrate that atomically thin boron nitride (BN)
nanosheets have many unique and desirable properties to
help solve this challenge. The synergic effect of the atomic
thickness, high flexibility, stronger surface adsorption capa-
bility, electrical insulation, impermeability, high thermal and
chemical stability of BN nanosheets can increase the Raman
sensitivity by up to two orders, and in the meantime attain long-
term stability and extraordinary reusability not achievable by
other materials. These advances will greatly facilitate the wider
use of SERS in many fields.
Surface enhanced Raman spectroscopy (SERS) is one of
a few analytical techniques with single-molecule sensitivity,[1]
and has a wide range of applications in research and industry.
In spite of decades of study, the production of highly sensitive,
homogeneous, reproducible, reusable, and cost-effective
SERS substrates is still a big challenge. Two-dimensional
(2D) nanomaterials which have many unique characteristics
and properties provide new possibilities for SERS. For
example, high Raman scattering has been observed from
graphene.[2] When graphene is used to separate plasmonic
metal particles and analyte molecules, both the signal and
reproducibility of SERS could be improved.[3] Furthermore,
graphene is highly impermeable, and could prevent the
underlying silver (Ag) particles from oxidation at room
temperature.[4] However, such protection is effective only in
the short term,[5] and in the long run it actually speeds up
oxidation as a result of galvanic corrosion.[6] In addition,
graphene cannot solve the reusability challenge because it
oxidizes at only 250 8C in air.[7]
Boron nitride (BN) nanosheets, atomically thin layers of
hexagonal boron nitride (hBN), are another important
member of 2D nanomaterials. BN nanosheets have mechan-
ical strength, thermal conductivity, and impermeability sim-
ilar to graphene, but are electrical insulators thermally stable
up to 800 8C in air.[8] BN nanosheets could greatly contribute
to SERS field. Take reusability as an example. It was found
that thorough removal of adsorbed analyte molecules could,
in most cases, be achieved only by heating treatments in
oxygen or air but not by solvent washing.[9] Thus, to be
reusable, SERS substrates need to withstand oxidation at high
temperatures, which is especially difficult for oxidation-
sensitive Ag nanoparticles. Traditional coatings, such as
alumina (Al2O3), silica (SiO2), and zinc oxide (ZnO2) can
increase the reusability of Ag nanoparticles,[10] but at the cost
of dramatically reduced Raman enhancement: a 1.5 nm thick
Al2O3 coating could reduce Raman enhancement by 75%.
[11]
Another problem of ceramic coatings is their low affinity for
most molecules, which means less number of molecules
available for analysis, and hence weaker SERS signals.
Atomically thin BN nanosheets can solve these problems.
However, the use of atomically thin BN in SERS has been
much less explored.[9b,12] More importantly, there still lack
proof-of-concept studies to demonstrate the full potential of
atomically thin BN in SERS application.
Herein, we show that atomically thin BN nanosheets can
improve the sensitivity, reproducibility, and reusability of
SERS substrates. The high flexibility makes atomically thin
BN wrinkled to closely follow the contours of the underlying
nanoparticles, with minimum decay of localized surface
plasmon induced electromagnetic fields. Atomically thin BN
has a stronger surface adsorption capability, and hence is
more efficient in adsorption of analyte molecules at extremely
low concentrations, resulting in dramatically improved sensi-
tivity. Atomically thin BN is electrically insulating, so it can
eliminate undesirable charge transfer as well as photocata-
lytic decomposition of analyte molecules to enhance repro-
ducibility and stability of SERS. More importantly, atomically
thin BN can protect Ag nanoparticles from oxidation in air
even at high temperatures due to its high thermal stability and
excellent impermeability. That is, the BN nanosheet covered
SERS substrates have an outstanding reusability without loss
of Raman enhancement.
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The high-quality BN nanosheets used in this study were
mechanically exfoliated from hBN single crystals (see Sup-
porting Information, Figure S2),[13] and rhodamine 6G (R6G),
the most commonly used analyte for SERS analysis, was
chosen as a model molecule. We first reveal the stronger
surface-adsorption capability of atomically thin BN. After the
BN nanosheets of different thicknesses were immersed in
R6G aqueous solution of 106m for 1 min, the atomic force
microscopy (AFM) images (Figure 1a,b) show that the thick-
ness increase because of R6G
adsorption for all the BN nano-
sheets was the same, that is,
approximately 0.9 nm, corre-
sponding to a monolayer of
lying-down R6G molecules,
whose xanthene ring structures
are parallel to the BN surface as
a result of strong p–p interac-
tions.[14] However, the amount
of the adsorbed molecules
decreases with the increasing
BN thickness. Such an intriguing
phenomenon can be better seen
in Figure 1c, where the surface
of all the BN nanosheets was
adjusted to the same shade (i.e.
AFM height) so that their cover-
age of R6G could be directly
compared. The bilayer (2L) BN
nanosheet was almost com-
pletely covered by R6G mole-
cules, whereas the surface of
a bulk hBN (ca. 50 nm thick) adsorbed far fewer molecules.
Based on the AFM images,[15] the estimated adsorption
coverage is 90% on 2L BN, about 70% on 3–6L BN, and
less than 40% on the bulk BN (Figure 1d). Thus, the thinner
the BN nanosheet, the higher the surface adsorption.
According to our recent investigation, such phenomenon
can be ascribed to conformational changes in atomically thin
nanosheets, which increases adsorption energy and efficiency.
Conformational changes often happen to soft adsorbates,
such as macromolecules and biomolecules, and has been
rarely observed on adsorbent. However, atomically thin BN
nanosheets are highly flexible, so that the adsorbent, that is,
the atomically thin BN, instead of adsorbate, R6G, experi-
enced conformational changes in the current case. Bulk hBN
crystals are not able to undergo conformational changes, so
they have worse adsorption performance than atomically thin
BN nanosheets.
The unique adsorption behavior and superior adsorption
performance of atomically thin BN can improve the sensi-
tivity of SERS. For this purpose,
BN nanosheets were placed on
top of plasmonic Ag nanoparti-
cles, produced by thermal
annealing of mechanically exfo-
liated BN nanosheets on sput-
tered Ag film on SiO2/Si sub-
strate (see Supporting Informa-
tion for experimental details). As
shown in Figure 2a,b, the flexible
2L BN wrinkled to follow the
profile of the underlying nano-
particles; thicker (17L) BN is
more rigid and deformed to
a much smaller degree (Fig-
ure 2c,d). Their thicknesses
(0.79 nm for 2L and 5.91 nm for 17L) were determined
before annealing (Supporting Information, Figure S3). Fig-
ures 2b,d show representative AFM height traces and the
corresponding diagrams. The atomically thin and wrinkled
2L BN should give rise to stronger Raman enhancement than
the 17L BN because plasmon-induced electromagnetic fields
(i.e. hot spots) diminish exponentially with distance. In other
words, atomically thin BN can better preserve the plasmonic
hot spots. Note that the diameter and distribution of Ag
nanoparticles with and without BN coverage are similar (see
Figure 1. AFM images of BN nanosheets before (a) and after (b) R6G adsorption; c) normalized AFM
images with the surface of BN of different thicknesses (number of layers (L)) adjusted to the same
height to reveal the different coverage of adsorbed R6G molecules under the same adsorption
conditions; d) estimated percentages of coverage versus BN thickness. Scale bars 2 mm.
Figure 2. AFM images of Ag nanoparticles covered by 2L (a) and 17L (c) BN; b) and d) are the height
traces and schematic diagrams along to the dotted lines in (a) and (c); e) SERS spectra of R6G (10 nm)
from 2L, 17L, and bulk BN, as well as the Ag/SiO2 substrate by adsorption method, and # indicates the
Raman G band (E2g mode) of bulk hBN.
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Supporting Information, Figure S4), and according to our
previous study, the dielectric constant of BN nanosheets of
different thicknesses is quite close.[16]
The sensitivity of a bare Ag SERS substrate and the
substrates veiled by BN nanosheets of different thicknesses
was tested by immersing them in 108m aqueous solution of
R6G. As expected, the Raman features of R6G were most
prominent from the 2L BN covered Ag nanoparticles (2L/
Ag), and the signal attenuated with the increase of BN
thickness (Figure 2e). The bare Ag nanoparticles on SiO2/Si
substrate (Ag/SiO2), on the other hand, showed no Raman
signature of R6G at either 108 or 107m (Figure 2e and
Supporting Information, Figure S5). That is, the 2L BN
increased the sensitivity of the SERS substrates by more
than two orders of magnitude. The much improved enhance-
ment from the atomically thin BN covered SERS substrate
can be largely attributed to the aforementioned two reasons:
1) atomically thin BN nanosheets were more efficient in the
capture of analyte molecules, and 2) they better preserved
Raman hot spots owing to their atomic thickness and
wrinkles. Of these two causes, the first one played a decisive
role because theoretically, the Ag/SiO2 substrate should have
the strongest electromagnetic field but showed no meaningful
signal owing to its low affinity for aromatic molecules,
whereas Bulk/Ag still showed weak Raman peaks of R6G
(Figure 2e). This was further confirmed by estimating the
enhancement factors of the different SERS substrates (see
Supporting Information). Distinct from graphene which
shows strong Raman peaks, the Raman yield of atomically
thin BN is so weak that its G band is not visible. BN
nanosheets can also improve SERS reproducibility and
stability because they act as dielectric separators to prevent
undesired decomposition of analyte molecules caused by the
photocatalysis of Ag nanoparticles.
The homogeneity and reproducibility of the SERS
substrates were checked by Raman mapping, as shown in
Figure 3. The contrast of the Raman intensity in the areas
with and without BN coverage is striking: the Ag/SiO2 areas
are mostly in black, indicating much weaker Raman sensi-
tivity; whereas the signals fromBN/Ag areas are several times
stronger. In addition, the Raman enhancement from the BN
areas is relatively homogeneous. The weaker Raman signals
around the edges of the BN nanosheets should be due to the
average of the signals from BN/Ag and Ag/SiO2.
Atomically thin BN nanosheets also make SERS sub-
strates highly reusable. Heating in air has been found the most
effective and efficient way to remove adsorbed organic
molecules for reusable SERS.[9a,b] As shown in our previous
studies,[6c,8] BN nanosheets are a promising barrier to protect
metals because of their excellent thermal stability, high
impermeability, and absence of galvanic corrosion. This
means that the BN-covered Ag-based SERS substrates can
have a long “shelf-time” without loss of sensitivity through
oxidation, and more importantly, be regenerated by simply
heating in air to burn off the adsorbed molecules and then
reused. The reusability of 2L/Ag, Bulk/Ag, and Ag/SiO2
substrates for up to 30 cycles are shown in Figure 4a–c. In
each cycle, the substrate was heated at 360 8C in air, and then
reused by immersion in R6G solution (106m). The Raman
signal and reusability of Ag/SiO2 cannot be obtained at
concentrations lower than 106m. After the heating/cleaning
treatment, no Raman signal of R6G was present on both 2L/
Ag and Bulk/Ag samples, except a Si band at about 1000 cm1
and/or G band of hBN at 1366 cm1 (gray spectra in Fig-
ure 4a,b), implying effective removal of the analyte. After
30 cycles of reusability tests, the Raman intensity and
frequency of R6G from 2L/Ag remained essentially
unchanged (Figure 4a), indicating that the Ag nanoparticles
were not affected even after the repeated heating in air. In
comparison, the Raman enhancement from Bulk/Ag sub-
strate slightly weakened with the increase of cycle numbers
(Figure 4b). This difference can be attributed to the different
morphologies of atomically thin and bulk hBN on Ag
nanoparticles. Atomically thin BN nanosheets are so flexible
that they wrinkled to better “seal” the underlying Ag
nanoparticles from air; whereas thick hBN is unable to
deform much, and there existed a gap between thick BN and
SiO2 substrate where air can penetrate to oxidize the Ag
nanoparticles. Figure 2a–d, especially the lower traces, can be
referred to visualize such difference. The Raman sensitivity of
the bare Ag nanoparticles without BN protection, in contrast,
plummeted in the reusability tests (Figure 4c). To better
compare their different reusability, the Raman sensitivity of
the three substrates after the tests are summarized in Fig-
ure 4 f. The 2 L/Ag and Bulk/Ag substrates retained approx-
imately 90 and 60% of their SERS activity after 30 cycles,
respectively. For Ag/SiO2, its plasmon enhancement
decreased to 70% after the first cycle and further reduced
to 20% after 7 cycles. Atomically thin BN also has a long-
term protection on Ag nanoparticles: 2 L/Ag kept 90% of its
Raman enhancement after exposure to ambient condition for
1 year; while the Ag/SiO2 totally lost its enhancement
(Supporting Information, Figure S7).
For comparison, we also tested the reusability of two
representative coatings, namely Al2O3 and graphene, as both
materials have been proposed as protective barriers for SERS
substrates with Ag nanoparticles.[4a,10c] A 1.07 nm thick film
(slightly thicker than 2L BN) of Al2O3 was grown on Ag/SiO2
(Al2O3/Ag) by atomic layer deposition (ALD; see Supporting
Information, Figure S8), which can produce highly dense and
uniform thin films.[17] Al2O3/Ag showed Raman enhancement
almost 10 times weaker than 2L/BN mainly for two reasons.
First, Al2O3 has a low affinity for R6G so that much fewer
Figure 3. a) Scanning electron microscopy (SEM) image of Ag particles
covered by BN of different thicknesses; b) the corresponding Raman
mapping from the squared area in (a) after immersion in 106m R6G
solution for 1 h, where 0.0 indicates no intensity and 1.0 indicates the
strongest measured Raman peak at 612 cm1.
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amounts of molecules can be adsorbed on the substrate.
Second, it was reported that a 1.5 nm thick Al2O3 film can
reduce the Raman enhancement by more than 75%.[11]
Moreover, the Al2O3 film showed almost no protection
which could be due to the inevitable defects in the film
(Figure 4d), and its enhancement dropped to 20% after
7 cycles of reusability test, following a similar trend of Ag/
SiO2 (Figure 4 f).
High-quality graphene of 10 nm was produced on Ag
nanoparticles by mechanical exfoliation, following the same
synthesis route of BN/Ag. The SERS substrate of graphene
covered Ag nanoparticles (G/Ag) showed comparable
Raman enhancement to that of Bulk/Ag because graphene
can also attract R6G via p–p interaction, but with lower
background owing to charge transfer (Figure 4e).[2a,18] The
G band of graphene (labeled by *) is pronounced compared
to the peaks from R6G. The heating at 360 8C in air for 5 min
(1 cycle) had a disastrous effect on the Raman enhancement
of G/Ag with a drop to 30% of the initial signal strength
(dashed line in Figure 4 f). It was because the around 10 nm
thick graphene burnt out after the heating treatment (see
Supporting Information, Figure S9), which dramatically
decreased the amount of R6G molecules adsorbed on bare
Ag/SiO2 without graphene.
X-ray photoelectron spectroscopy (XPS) was used to
analyze the oxidation levels of Ag nanoparticles on these
substrates after reusability tests (Figure 5). Ag nanoparticles
protected by BN nanosheets showed a dominating silver peak
at 368.2 eV, indicating almost no increase of silver oxide after
30 cycles of reusability tests; while Ag particles without
protection of BN or covered by the Al2O3 thin film showed
a strong silver oxide peak at 367.6 eV,[19] suggesting an oxide
content of about 50% after reusability tests. These results
further confirm that BN nanosheets are an excellent material
for reusable SERS devices.
In summary, atomically thin BN nanosheets can be used to
fabricate highly sensitive, reproducible, and reusable SERS
substrates. They are efficient in adsorption of aromatic
molecules to improve Raman sensitivity, especially at
extremely low concentrations. The Raman enhancement
from such substrates was homogeneous and reproducible.
Furthermore, BN nanosheets could provide the Ag nano-
particles with long-term protection from oxidation even at
high temperatures in air so that excellent reusability was
Figure 5. XPS spectra of Ag particles with and without BN protection
before and after reusability tests. Dotted lines mark the positions of
the signals arising from silver and silver oxide.
Figure 4. Reusability tests of different SERS substrates: a) 2L BN
covered Ag nanoparticles (2L/Ag) for 30 cycles (in each cycle, the
substrate was heated at 360 8C in air for 5 min and re-immersed in
106 M R6G solution); b) bulk BN on Ag nanoparticles (Bulk/Ag) for
30 cycles, where # indicates the G band of bulk hBN; the gray spectra
in (a,b) are after heating without re-immersion; c) bare Ag particles on
SiO2 without BN protection (Ag/SiO2) for 7 cycles; d) ca. 1 nm thick
ALD Al2O3 on Ag nanoparticles (Al2O3/Ag), and e) 10 nm thick
graphene on Ag nanoparticles (G/Ag) for 1 cycle, where * indicates the
G band of graphite. The SERS spectra in (a)–(e) are vertically offset for
clarity. f) Summarizes the change of the Raman enhancement of these
SERS substrates based on the intensity of the 612 cm1 peak.
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achieved. The proposed SERS substrate and fabrication
method can be easily scaled up using large-sized BN nano-
sheets grown by chemical vapor deposition (CVD).[20] On the
other hand, BN nanosheets can be also used to cover SERS
substrates produced by other methods, for example, self-
assembly, or other metal nanoparticles to improve surface
adsorption, reproducibility, and reusability.
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1. Experimental details
Adsorption test. BN nanosheets were mechanically exfoliated from hBN single crystals on 90 nm thick 
SiO2/Si substrate. The samples were heated at 350 °C in air for 1 h to remove tape residuals. Atomically thin 
BN was located under an Olympus optical microscopy (BX51) equipped with a DP71 camera, and the 
thickness was measured using a Cypher AFM (Asylum Research) in both tapping and contact modes. The BN 
samples were immersed in R6G aqueous (Milli-Q water) solution of 10-6 M for 1 min, then washed by water, 
and dried in argon (Ar) flow at room temperature. The percentages of coverage was estimated using the 
histogram function in Photoshop.  
Preparation of SERS substrates. A ~10 nm thick layer of Ag film was deposited on SiO2 (140 nm)/Si wafer 
by sputtering method under Ar (pressure of ~5×10-2 mbar) (SCD050, Bel-Tec). The current was 40 mA, and 
the sputtering time ranged from 20 to 40s. Then, BN nanosheets were mechanically exfoliated on the Ag film, 
following the aforementioned procedure. Subsequently, heat treatment at 450 °C in Ar for 1 h transferred the 
Ag film to particles of suitable sizes and distributions. The BN and graphene nanosheets were mechanically 
exfoliated following the same procedure from hBN single crystals and highly ordered pyrolytic graphite 
(HOPG), respectively. The SEM image of BN/Ag was taken using a Supra 55VP (Carl Zeiss) under 1.0 kV. 
The deposition of the Al2O3 coatings was carried out in a Fiji F200 (Cambridge Nanotech) ALD reactor using 
trimethyl aluminum (TMA) and water (H2O) as precursors. Ar was used as a carrier and purging gas at a flow 
rate 20 sccm. The deposition temperature was 250 °C, and pressure was 200 mtorr. Each deposition cycle 
consisted of 0.02 s pulse of TMA, 10 s of Ar purge, 0.06 s pulse of H2O, and finally 10 s Ar purge. For 1 nm 
coating, 11 cycles were conducted. The exact thickness of the deposited layer (1.07 nm) was determined by a 
spectroscopic ellipsometer using a blank Si wafer from the same ALD process.  
Raman analysis. The BN veiled Ag particles on SiO2/Si substrate was soaked in 10-8 M R6G )OXND
water  solution for 1 h, washed with Milli-Q water to remove drops of R6G solution on the substrate, and then 
dried under Ar flow at room temperature. The reusability was tested by heating the substrate with R6G at 360 
°C in air for 5 min and re-immersed in R6G solution of 10-6 M for 1 h for up to 30 times. Raman spectra were 
collected by a Renishaw Raman microscope equipped with a 514.5 nm laser. A 100× objective lens with a 
numerical aperture of 0.90 was used. The laser power was ~2.5 mW. In mapping, the step size was 0.4 μm. 
All Raman spectrum were calibrated with the Raman band of Si at 520.5 cm-1. 
XPS analysis. The XPS data were collected in high vacuum (3 × 10í torr) using a Kratos AXIS Ultra (DLD) 
VSHFWURPHWHU.UDWRV$QDO\WLFDO/WG8.HTXLSSHGZLWKDPRQRFKURPDWHG$O.Į;-ray source. All XPS 
spectra were recorded at 0.1 eV/step and a pass energy of 20 eV. For samples Ag/SiO2 before and after 30 
cycles of reusability tests and Al2O3/Ag after 7 cycles, the signals were collected from areas of 500 × 300 μm. 
For BN/Ag, the signals were from a square area of 27 × 27 μm due to the relatively small sizes of BN 
nanosheets. The location was determined by XPS mapping in N 1s region (Figure S1). 
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Figure S1. (a) XPS N1s mapping of BN nanosheets on Ag nanoparticles; (b) N1s mapping overlay with 
optical image; (c) optical image of BN on silver film. The XPS spectrum was collected form the square area 
(27 × 27 μm) in (b) and (c).   
2. Optical microscopy images of BN nanosheets on Ag film and nanoparticles
Figure S2 shows the optical images of 1L, 2L, 17L BN nanosheets on Ag film before annealing (a) and on Ag 
nanoparticles after annealing (b). It can be seen that the optical contrast for atomically thin BN nanosheets 
became higher after annealing, and it was easier to locate them during SERS measurements. 
Figure S2. Optical microscopy images of exfoliated BN nanosheets on Ag/SiO2/Si substrate before (a) and 
after (b) annealing in Ar gas at 450 ºC for 1 h. 
3. Thickness of BN nanosheets
The thickness of the BN nanosheets was determined by AFM under contact mode before annealing when the 
Ag film was relatively flat (Figure S3). The measured thickness of the 2L BN is ~0.79 nm, and ~5.91 for the 
17L BN.  
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Figure S3. AFM images of 1L (a), 2L (b) and 17L BN (c) on Ag film and the corresponding height traces. 
4. Size distributions of Ag nanoparticles before and after reusability test
The size distributions of Ag particles on Ag/SiO2, 2L/BN, Bulk BN, and Al2O3/Ag substrates were estimated 
from SEM images. Basically, the size of Ag particles retained unchanged after reusability tests (Figure S4), 
and hence no Ostwald ripening happen during heating for reusability tests. 
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Figure S4. SEM images of Ag particles and the corresponding size distributions before and after reusability 
tests: (a) and (b) Ag/SiO2; (c) and (d) BN/Ag; (e) and (f) Bulk/Ag; (g) and (h) Al2O3/Ag. 
5. Ag/SiO2 substrates show no Raman signal of 10-7 M R6G
As shown in Figure S5, the typical Raman peak of R6G at 610 cm-1 is undetectable on Ag/SiO2 substrate when 
the concentration is 10-7 M.  
Figure S5. SERS spectra from Ag/SiO2 substrate after immersion in R6G solution (10-7 M) for 1 h. 
6. Enhancement factors
The much stronger Raman signals from 2L/Ag substrates should be mainly due to the superior surface 
adsorption of atomically thin BN towards R6G molecules. This was further confirmed by estimating the 
enhancement factor (EF) of the different substrates using droplet method to deposit R6G on substrates (1 
droplet (20 μL) of R6G solution dripped on the substrates) because immersion method could not quantitively 
reveal their Raman enhancements. The EFs for Ag/SiO2, 2L/Ag, and Bulk(0.5 μm thick BN)/Ag were close: 
1.1×105, 5.1×105, and 0.9×105, respectively. The slightly higher EF from atomically thin BN covered Ag 
substrate was due to the better surIDFHDGVRUSWLRQRI5*RQDWRPLFDOO\WKLQ%1GXHWRʌ-ʌLQWHUDFWLRQVHYHQ
though droplet instead of immersion method was used. That is, with much suppressed effect of surface 
adsorption, the enhancement by 2L/Ag was only 5 times of that by Ag/SiO2. Therefore, BN nanosheets showed 
SERS signals 2 orders higher than Ag/SiO2 substrate can be mainly attributed to the effect of surface 
adsorption. 
7. R6G’s Raman background from BN/Ag as a function of laser energy
We tried 514.5, 632.8, and 785 nm lasers to test the effect of exciting laser energy on the background of R6G 
on BN/Ag substrate. In these tests, the substrate was immersed in R6G water solution (10-6 M) for 1 h. 
4 
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Figure S6. Raman signals of R6G excited by lasers of different energies (a) 514.5 nm; (b) 632.8 nm; and (c) 
785 nm. 
8. Long-term protection of Ag nanoparticles by 2L BN nanosheets
The protection of 2L BN on Ag nanoparticles was tested under ambient condition over a period of one year. 
,W ZDV IRXQG WKDW  RI WKH 5DPDQ HQKDQFHPHQW IURP /$J VXEVWUDWLRQwas remained, whereas bare 
Ag/SiO2 without BN protection totally lost Raman activity (Figure S7). 
Figure S7. Raman enhancements of (a) 2L BN covered Ag nanoparticles and (b) bare Ag nanoparticles on 
SiO2/Si without BN protection after exposed to ambient condition for 1 year. This was tested by immersio the 
substrates in 10-6 M R6G solution for 1 h (c) Summary of the change of Raman enhancement of the two 
substrates. 
9. AFM images of the ALD Al2O3 film
The 1.07 nm Al2O3 film was deposited on Ag particles and SiO2/Si substrate by ALD method, and Figure S8 
shows AFM images of the film at different magnifications. 
5 
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Figure S8. AFM images at different magnifications of the ~1 nm Al2O3 on SiO2/Si substrate. 
10. Graphene burnt-out after 1 cycle of reusability test
Graphene was deposited on Ag film following the same procedure, and then the substrate was heated at 450 
ºC in Ar for 1 h to allow the formation of Ag particles. The AFM image of the just exfoliated graphene on Ag 
film is shown in Figure S9a. After Raman measurement, the substrate was heated under the same condition 
for reusability test, i.e. at 360 ºC in air for 5 min. According to the AFM image in Figure S9b, it can be seen 
that the 10 nm thick graphite burnt out during the heating treatment of reusability. Therefore, graphene cannot 
protect Ag nanoparticles for reusable SERS substrate by heating.  
Figure S9. AFM images of (a) exfoliated graphene/graphite on Ag film, and (b) after 360 °C heating 
treatment in air for 5 min where the 10 nm-thick graphene disappeared.  
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ABSTRACT: Atomically thin boron nitride (BN) nanosheets
have many properties desirable for surface-enhanced Raman
spectroscopy (SERS). BN nanosheets have a strong surface
adsorption capability toward airborne hydrocarbon and aromatic
molecules. For maximized adsorption area and hence SERS
sensitivity, atomically thin BN nanosheet-covered gold nano-
particles have been prepared for the ﬁrst time. When placed on
top of metal nanoparticles, atomically thin BN nanosheets closely
follow their contours so that the plasmonic hot spots are retained.
Electrically insulating BN nanosheets also act as a barrier layer to
eliminate metal-induced disturbances in SERS. Moreover, the SERS substrates veiled by BN nanosheets show an outstanding
reusability in the long term. As a result, the sensitivity, reproducibility, and reusability of SERS substrates can be greatly
improved. We also demonstrate that large BN nanosheets produced by chemical vapor deposition can be used to scale up the
proposed SERS substrate for practical applications.
KEYWORDS: boron nitride nanosheets, surface-enhanced Raman spectroscopy (SERS), plasmonic metal particles, reusability,
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■ INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) is an ultra-
sensitive and nondestructive analytical technique that has a
broad range of applications in physics, chemistry, biology, and
medicine.1−4 Great advancements have been achieved in the
ﬁeld over the last few decades by introducing plasmonically
active metallic structures of various shapes,5−9 and detection at
the single-molecule level has been realized.10,11 Nevertheless,
several challenges remain. Conventional SERS substrates using
noble metal nanostructures such as silver or gold are not
eﬃcient in adsorption of nonthiolated aromatic molecules.12
Such substrates also have poor reproducibility due to substrate-
induced disturbances caused by metal-catalyzed side reactions,
charge transfer, photoinduced damage, etc.13 In addition, there
are few processes that can produce eﬀective SERS substrates on
a large scale. Due to the high cost of noble metals and substrate
fabrication, it is also highly desirable to achieve reusable SERS
substrates. To solve these challenges, thin passivated layers of
aluminum oxide (Al2O3) or silicon oxide (SiO2) were deposited
on SERS substrates to reduce substrate-induced disturbances
and improve reproducibility and reusability.14 However, a 1.5
nm-thick Al2O3 ﬁlm could weaken Raman enhancement by
75% because plasmon-induced electromagnetic ﬁelds, i.e. hot
spots, decrease exponentially with distance.15 On the other
hand, 5 nm-thick Al2O3 ﬁlm is required to protect metal
nanostructures from oxidation, as it is very diﬃcult to produce
atomically thin Al2O3 ﬁlms that are pinhole-free.
Graphene can partially solve the above-mentioned challenges
in SERS. When used to cover plasmonic metal nanoparticles,
graphene can improve the sensitivity of SERS,16−23 reduce
surface-induced disturbances,24 and protect Ag nanoparticles
from oxidation at room temperature in the short-term.25
However, graphene-based SERS substrates can hardly be
reusable because graphene starts to oxidize at ∼250 °C in
air,26 while reusability normally requires a heating treatment at
350 °C or higher in oxygen-containing gases. Boron nitride
(BN) nanosheets, atomically thin layers of hexagonal BN, have
a structure similar to that of graphene but possess many
diﬀerent physical and chemical properties.27−30 For example,
BN nanosheets are electrically insulating with bandgaps of ∼6
eV and can sustain oxidation at ∼800 °C in air.13 Therefore,
they have been proposed to protect metals against oxidation
and corrosion at high temperatures.31,32 However, compared to
that of graphene, the use of BN nanosheets for SERS has not
been well-investigated. Ling et al. studied Raman enhancement
by BN nanosheets via a chemical mechanism, but the
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enhancement factor was too small for practical applications.33
Lin et al. combined BN nanosheets with Ag nanoparticles
through a solution process. The SERS substrate was reusable,34
but its enhancement decreased by 60% after the ﬁrst cycle of
reuse. The current authors placed Au nanoparticles on top of
atomically thin BN nanosheets for SERS, and high sensitivity
and good reusability were achieved.35 Interestingly, the Raman
enhancement increased with reduced thickness of BN nano-
sheets, suggesting superior surface adsorption capabilities of
atomically thin BN.35 More recently, Dai et al. used a solution
process for producing porous BN microﬁbers decorated by Ag
nanoparticles, which could eﬃciently capture analyte molecules
for improving Raman signals and be reused after heating.36 It is
expected that there is still room to further improve the design
and eﬀectiveness of BN nanosheets for SERS.
Herein, we show for the ﬁrst time that airborne organic
molecules accumulate on atomically thin BN nanosheets over
time. Such an excellent adsorption property of BN can be
valuable for SERS. For this purpose, atomically thin BN
nanosheets were placed on plasmonic Au nanoparticles
produced via physical routes. These SERS substrates showed
dramatically improved sensitivity, reduced disturbance caused
by metal nanoparticles, and outstanding stability and reusability.
The design is readily scaled up using large BN nanosheets
grown by chemical vapor deposition (CVD).
■ EXPERIMENTAL SECTION
Exfoliation of BN Nanosheets. BN nanosheets on a 90 nm-thick
silicon oxide-covered Si wafer (SiO2/Si) were mechanically exfoliated
from high-quality single crystal hBN37 using Scotch tape. An Olympus
BX51 optical microscope equipped with a DP71 camera was used to
locate atomically thin nanosheets, and then a Cypher atomic force
microscope (AFM) was employed to measure their thicknesses using
Si cantilevers.
BN Nanosheet-Veiled SERS Substrates. A layer of Au ﬁlm (∼10
nm) was deposited on a SiO2/Si wafer using a Bel-Tec sputter
(SCD050). The sputtering current was 40 mA, and the sputtering time
was in the range of 20−40 s. BN nanosheets were mechanically
exfoliated on top of the Au ﬁlm following the same procedure as on
SiO2/Si. Subsequently, the substrates were annealed in Ar at 500 °C
for 1 h. For SERS tests, the substrates were immersed in rhodamine
6G (R6G ≥ 95%, Fluka) or a copper(II) phthalocyanine-tetrasulfonic
acid tetrasodium salt (CuPc) aqueous (Milli-Q) solution for 1 h,
followed by washing with water and drying in gentle Ar ﬂow at room
temperature. The CVD-grown BN nanosheet-covered SERS substrate
was produced following a similar procedure. In detail, CVD-grown BN
(∼20L thick) (Graphene Supermarket) was coated with a thin layer of
poly(methyl methacrylate) (PMMA) before the copper substrate was
etched, and the polymer plus BN nanosheet was transferred onto
SiO2/Si sputtered with ∼10 nm Au ﬁlm. The sample was annealed in
Ar for 1 h to transfer the Au ﬁlm to nanoparticles.
Characterization. The Raman spectra were collected using a
confocal Raman spectrometer (Renishaw inVia) with a 514.5 nm laser.
A 100× objective lens with a numerical aperture of 0.90 was used, and
the laser power was ∼2.5 mW. All Raman spectra were calibrated with
the Si band at 520.5 cm−1. X-ray photoelectron spectroscopy (XPS)
analyses were conducted on a monolayer (1L) BN produced by CVD
in an ultrahigh vacuum chamber (∼10−10 mbar) of the soft X-ray
spectroscopy beamline at the Australian Synchrotron, Victoria,
Australia. The excitation energy was 750 eV, and the E-pass was set
to 20 eV for optimum energy resolution. The excitation photon
energies were calibrated by the photon energy measured on a
reference Au ﬁlm. The binding energies were normalized by the C−C
peak at 284.5 eV. The infrared spectra represent the average of 64
scans from a Bruker Lumos infrared spectrometer in ATR mode with a
resolution of 4 cm−1.
Figure 1. AFM images and the corresponding height traces of a 1L BN nanosheet (a) before exposure, (b) after 3 weeks of exposure, and (c) after
12 weeks of exposure to ambient atmosphere. (c) Thickness changes of 1L, 2L, and 3L BN nanosheets after exposure to air.
Figure 2. (a) XPS spectra of a 1L BN nanosheet before and after exposure to air. (b) High-resolution XPS spectrum of the C 1s peak after air
exposure. (c) FTIR spectrum of the same sample after exposure to air.
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■ RESULTS AND DISCUSSION
We found that atomically thin BN nanosheets were prone to
adsorb airborne organic molecules, implying their excellent
surface adsorption capabilities. To more quantitatively inves-
tigate such phenomenon, the thickness change of atomically
thin BN nanosheets after exposure to air for diﬀerent lengths of
time was measured by AFM. As-exfoliated 1L, 2L, and 3L BN
nanosheets had initial heights of 0.45 ± 0.15, 0.90 ± 0.10, and
1.10 ± 0.10 nm, respectively, consistent with previous
reports.30,35,38 The thickness of the 1L BN increased to 0.95
± 0.05 nm after exposure to ambient atmosphere for 3 weeks
and further expanded to 1.25 ± 0.25 nm in the following 9
weeks, as shown in Figure 1. 2L and 3L BN nanosheets also
experienced a thickness increase in the same period to 1.65 ±
0.05 and 2.25 ± 0.25 nm after 12 weeks, respectively (Figure 1d
and Figure S1). Although there has been no report on the
eﬃcient adsorption of airborne hydrocarbons on atomically
thin BN nanosheets, graphene and BN nanotubes have been
found to spontaneously attract airborne organics in air.39,40 It
should be noted that the exfoliated BN nanosheets were almost
free of defects30 and hence could reﬂect their intrinsic surface
properties.
The chemical composition of the adsorbates on atomically
thin BN was analyzed using Fourier transform infrared
spectroscopy (FTIR) and synchrotron-based XPS. Annealing
at 450 °C in an ultrahigh vacuum (∼10−10 mbar) for 4 h was
used to clean the starting BN nanosheet. According to in situ
XPS analysis, the nanosheet was almost free of carbon (arrow in
black spectrum in Figure 2a). The BN nanosheet was then
exposed to air for 34 weeks, which gave rise to much stronger
carbon signals in the XPS spectrum due to airborne adsorbates
(red spectrum in Figure 2a). According to the least ﬁtting of the
XPS spectra in the C 1s region, the adsorbates contained C−C/
C−H bonds at 284.5 eV along with CC at 284.0 eV, C−O at
285.5 eV, C−O−C at 286.2 eV, and CO at 288.0 eV (Figure
2b).41,42 The FTIR data agreed well with these XPS results.
The three FTIR peaks in the range of 2800−3000 cm−1 can be
attributed to symmetric and asymmetric stretching of
methylene groups (−CH2−) and asymmetric stretching of −
CH3 groups (Figure 2c),
40,43 suggesting that the airborne
hydrocarbon adsorbed on atomically thin BN nanosheets has a
similar chemical composition to that adsorbed on graphene.40
The excellent adsorption property of atomically thin BN
nanosheets toward organic molecules is useful for attracting
analyte molecules and hence improving sensitivity in SERS. To
maximize the adsorption surface, BN nanosheets were placed
on top of plasmonic Au nanoparticles. It was realized by ﬁrst
sputtering an Au thin ﬁlm (∼10 nm) on SiO2/Si wafer, then
mechanically exfoliating atomically thin BN on top, and
subsequently annealing the substrate to obtain Au nano-
particles. Such a fabrication route is straightforward, scalable,
and has good control over the size and distribution of the
plasmonic metal nanoparticles. Atomically thin BN nanosheets
were located under an optical microscope, and their thickness
was determined by AFM before annealing (Figure 3c). After
being annealed, the Au ﬁlm turned to nanoparticles, whose size
and distribution could be controlled by sputtering time and
annealing temperature, as shown in our previous study.35 The
annealing gave 1L and 2L BN more optical contrast (Figure 3a
vs 3b), which greatly facilitated the following SERS measure-
ments. As shown in Figures 3d−f, BN nanosheets of diﬀerent
thicknesses wrinkled to diﬀerent degrees due to their diﬀerent
ﬂexibilities. The surface roughness of the 1L, 2L, and 13L BN
nanosheets (1L/Au, 2L/Au, and 13L/Au) and bare Au particles
(Au/SiO2) were quantitatively characterized by the height−
height correlation function:
= ⟨ ⃗ − ⃗ − ⃗ ⟩g x h x h x r( ) ( ( ) ( )2 (1)
where x ⃗ is any speciﬁc point in the image and r ⃗ is a
displacement vector. The average height diﬀerence between any
two points separated by a distance r is described by the function
g(x).44 Figure 3g shows the best ﬁt of the function for bare Au
nanoparticles and 1L, 2L, and 13L BN nanosheets on Au
nanoparticles. The root-mean-square (RMS) roughness of the
1L BN is ∼3.5 nm, which is quite close to that of the bare Au
nanoparticles (∼4.0 nm), indicating that the 1L BN closely
followed the proﬁle of the particles underneath. Moreover, the
correlation lengths of the bare Au nanoparticles and the 1L, 2L,
Figure 3. Optical microscopy images of BN nanosheets of diﬀerent
thicknesses on (a) Au ﬁlm before annealing and (b) Au particles after
annealing in Ar for 1 h. (c) AFM image of 1L and 2L BN nanosheets
on Au ﬁlm before annealing and of (d) 1L, (e) 2L, and (f) 13L BN-
veiled Au particles after annealing. (g) Height−height correlations of
1L, 2L, and 13L BN nanosheets on Au nanoparticles and bare Au
nanoparticles (without coverage of BN) after annealing. The
continuous lines represent the best ﬁt according to eq 1. (h) Size
distribution of Au particles underneath 1L, 13L, and bulk BN, and bare
Au nanoparticles on SiO2/Si.
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and 13L BN-covered substrates were 37, 50, 54, and 100 nm,
respectively. Therefore, the roughness of BN nanosheets on the
Au nanoparticles increased as the nanosheet thickness
decreased. This is not surprising because atomically thin
nanosheets are much more ﬂexible and hence can deform to a
much higher extent compared to thicker ones. According to
SEM studies, the size distribution and separation of Au
nanoparticles with and without BN coverage were quite similar
(Figure 3h and Figure S3).
To test their Raman enhancement, the 1L, 13L, bulk BN-
covered Au substrates (abbreviated to 1L/Au, 13L/Au, bulk/
Au, respectively), and bare Au particles without BN (Au/SiO2)
substrates were immersed in an R6G aqueous solution (10−7
M) for the same time period. The Raman signals from R6G
were most prominent from 1L/Au and decreased as the BN
thickness increased, e.g., with 13L/Au and bulk/Au (Figure 4a).
It should be emphasized that the sensitivity of 1L/Au was
higher than that reported before.34 The diﬀerence should not
be caused by the Au particles because their size and distribution
were similar to those in the coverage of BN nanosheets of
diﬀerent thicknesses (Figure 3h). The stronger Raman signals
from 1L/Au can be attributed to the better-retained plasmonic
hot spots. As illustrated in Figure 4b, atomically thin BN
nanosheets were more ﬂexible and hence highly conformed to
the underlying Au nanoparticles so that the analyte molecules
were closer to the plasmonic hot spots; in contrast, thicker BN
layers were much less deformed, and the analytes were further
away from the plasmon-induced electromagnetic ﬁelds, which
decayed exponentially with distance.45 Molecules on Au/SiO2
should have the closest distance to the hot spots, but the SERS
signal was quite weak (Figure 4a). This was because Au and
SiO2 were ineﬃcient in capturing R6G molecules during
immersion; that is, fewer analyte molecules were adsorbed on
Au/SiO2, greatly depressing the SERS signals. These were
further conﬁrmed by measurements of the enhancement factors
of diﬀerent SERS substrates (see the Supporting Information).
In contrast, atomically thin BN has a strong adsorption
capability toward aromatic molecules due to π−π interactions,
and much more R6G molecules were attracted during
immersion. The stronger adsorption capability of atomically
thin BN nanosheets is due to conformational changes, and the
polarity of BN should not contribute to such a phenomenon.
The details of this will be discussed elsewhere. Another
Figure 4. (a) SERS spectra from the 1L/Au (monolayer of BN on Au nanoparticles), 13L/Au (13 layers of BN on Au nanoparticles), bulk/Au (bulk
hBN on Au nanoparticles), and Au/SiO2 (bare Au nanoparticles on SiO2 without BN coverage) substrates after immersion in 10
−7 M R6G solution,
and the pound sign represents the Raman G band of bulk hBN. (b) Schemes illustrating that thinner BN nanosheet-covered substrates have stronger
SERS enhancements. (c) SERS spectra of R6G from the BN-veiled region (red) and nonprotected region (black) with extraneous peaks due to
substrate-induced disturbances labeled with arrows.
Figure 5. (a) Reusability tests of 1L/Au using R6G and CuPc
alternately after being heated at 400 °C in air for 5 min. (b) Enlarged
view of the highlighted region in panel a. (c) Relative intensity changes
of the 612 and 680 cm−1 peaks after reusability cycles.
Figure 6. Raman spectra of R6G from 1L/Au after heat treatment at
400 °C in air for 0, 500, 1000, and 2500 min.
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advantage of the design is that the BN nanosheets separate the
analytes from the metal nanoparticles so that substrate-induced
disturbance to Raman signals is eliminated. It was not
uncommon that Au/SiO2 substrates showed extraneous
Raman peaks that could not be assigned to R6G (arrow in
Figure 4c). These extraneous peaks should be due to side
reactions or photoinduced damage catalyzed by Au nano-
particles.13 In contrast, BN nanosheet-veiled areas always gave
“clean” Raman features of R6G (lower region in Figure 4c).
This is the ﬁrst time that such an eﬀect has been reported on
BN nanosheets as substrates for SERS. Therefore, atomically
thin BN on top of plasmonic nanostructures could greatly
improve SERS sensitivity and eliminate undesirable substrate-
induced disturbances.
The BN nanosheet-veiled SERS substrates have outstanding
stability and reusability. As shown in our previous report,30 BN
nanosheets have excellent thermal stability: 1L BN can sustain
∼800 °C in air. Kostoglou et al. also studied the weight loss of
BN nanoplates as a function of temperature in air.46 Hence, the
adsorbed analyte molecules could be eﬀectively removed by
being heated in air for a short time period without damage to
BN nanosheets. To better demonstrate how eﬀective the
regeneration process is, we used R6G and CuPc alternately as
probe molecules, which have diﬀerent Raman features. In detail,
1L/Au was ﬁrst soaked in the R6G solution (10−6 M) for SERS,
then heated at 400 °C in air for 5 min to burn oﬀ the R6G, then
reused by immersion in a CuPc solution (10−6 M) for SERS,
and so on. As shown in Figure 5a, the Raman signals of R6G
and CuPc from 1L/Au did not interfere in each cycle. To show
this more clearly, the highlighted region in Figure 5a is enlarged
in Figure 5b. The Raman peaks at 612 and 680 cm−1 represent
the C−C−C in-plane bend in R6G47 and the N−Cu stretch
and outer ring stretches in CuPc,48 respectively. The 612 cm−1
peak was present in only the R6G cycles (cycles 0, 2, and 4)
and was undetectable in the CuPc cycles (cycles 1, 3 and 5).
This means that heating at 400 °C in air was very eﬀective in
removing these analyte molecules (black line in Figures 5a and
b). The spectrum after heating (black line in Figure 5a) also
shows that the Raman signature (i.e., G band) of atomically
thin BN nanosheets is so weak that it does not interfere with or
introduce extraneous peaks to the signals of analytes. In a
control experiment, if 1L/Au was not heated before the next
cycle, the signals of both R6G and CuPc were present (Figure
S5). The Raman enhancement of 1L/Au did not decrease after
5 cycles (Figure 5c) as the BN nanosheet was intact from the
heating treatments (Figure S6). To test its long-term stability,
1L/Au was heated at 400 °C in air for extended periods. There
was no decrease in enhancement after being heated for up to
1000 min (∼16.7 h); the SERS sensitivity plummeted only after
being heated for 2500 min (41.7 h) (Figure 6), indicating the
loss of the 1L BN and its excellent adsorption toward R6G
(Figure S7).
The proposed BN nanosheet-veiled SERS substrates are
easily scaled up if large BN nanosheets produced by CVD are
used. Figure 7a shows a photo of a CVD-grown BN nanosheet-
covered Au SERS substrate (CVD-BN/Au); the size of the BN
nanosheet was ∼6 × 4 mm. Figure 7b shows the Raman G
band of the BN nanosheet. The boundary between the BN
nanosheet and Au nanoparticles can be clearly seen under an
optical microscope (Figure 7c). Similarly, CVD-BN/Au showed
Raman signals stronger than those of the bare Au without BN.
The higher enhancement from the BN nanosheet-covered area
can also be attributed to its higher adsorption capability. To
show the homogeneity of the enhancement, Raman mapping
was conducted in the squared area in Figure 7c. The mapping
in Figure 7e conﬁrms that the SERS signals were much more
pronounced from the BN area, and the enhancement was
relatively uniform. The CVD-BN/Au substrate was also
reusable (Figure S8). Therefore, BN nanosheet-veiled SERS
substrates have potential for practical applications.
■ CONCLUSIONS
Atomically thin BN nanosheets showed strong surface
adsorption of airborne hydrocarbon and aromatic molecules.
Such a property makes them attractive substrates for SERS
applications. When placed on top of plasmonically active metal
nanostructures, atomically thin BN nanosheets greatly
increased the number of analyte molecules per unit area and
hence improved the sensitivity and reproducibility of the SERS
substrate. Furthermore, the SERS substrates veiled by BN
nanosheets were highly reusable without loss of Raman
enhancement after regeneration by heat treatment in air even
over a long time period (e.g., 400 °C for 1000 min). We also
demonstrated the scale-up of the SERS substrate using a CVD-
grown BN nanosheet for the ﬁrst time. This study contributes
to an improved Raman sensitivity and promotes a wider use of
SERS in various ﬁelds.
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Figure 7. (a) Photo of a CVD-grown BN nanosheet transferred onto a Au substrate. (b) Raman spectra of the CVD-grown BN. (c) Optical
microscopy image of the CVD-grown BN on Au. (d) Raman spectra of R6G (10−6 M) from CVD-BN/Au (upper) and Au/SiO2 (lower). (e) Raman
mapping of the 612 cm−1 peak of R6G (10−6 M) in the squared area in panel c with the lowest signal set as 0.0 and the highest as 1.0.
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1. AFM images of 1-3L BN after exposure to air for different lengths of time
The thickness change of 1-3L BN nanosheets on SiO2/Si after exposure to air for up to 12 weeks was 
measured by AFM. For comparison purpose, the height (i.e. color) of the SiO2/Si substrate was set to the 
same. With the increase of exposure time, BN nanosheets became thicker due to the adsorption of airborne 
organic molecules.  
Figure S1. AFM images of 1L, 2L and 3L BN nanosheets on SiO2/Si before (0 week) and after air exposure 
for 3, 6 and 12 weeks. All scale bars ȝP 
2. Raman spectra of 1-3L BN before and after exposure to air
Figure S2 compares the Raman G bands of 1-3L BN nanosheets before and after air exposure for ~1 year. 
Figure S2. Raman spectra of 1-3L BN before (black) and after (red) exposure to air. 
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3. SEM images of Au particles with and without BN coverage
A Leo 1530 SEM was used to determine the size and distribution of the bare Au nanoparticles, and Au 
nanoparticles underneath 1L, 13L and bulk BN. The accelerating voltage was between 3 and 10 kV; the 
aperture was 30 ȝm; and the working distance was ~7 mm. As shown in Figure S3, the size and distribution 
of Au particles are similar with or without the coverage of BN of different thicknesses. Moreover, the 
average distance between two closest Au particles in these samples were 8.7±3.4 nm for 1L/BN, 8.02±3.2 
nm for Au/SiO2, 9.0±2.6 nm for bulk/Au, and 8.5±2.9 nm for 13L/Au, respectively. 
Figure S3. SEM images of Au particles (a) underneath a 1L BN (1L/Au), (b) without coverage of BN 
(Au/SiO2), (c) underneath 13L BN (13L/Au), and (d) underneath bulk BN (bulk/Au). All scale bars are 300 
nm.  
4. Enhancement factors
The enhancement factor (EF) was calculated quantitatively by droplet method to deposit R6G (10-6 M) on 
the SERS VXEVWUDWHVGURSOHW ȝ/ The EFs for 1L/Au, 13L/Au, bulk/Au, and Au/SiO2 were 2.5×105, 
1.4×105, 1.1×105 and 0.7×105, respectively. The slightly higher EFs from BN covered Au substrates were 
due to the better surface adsorption capability of BN towards R6G.  
5. Cu residues after reusable tests
CuPc left Cu nanoparticles on BN after reusability test. However, such residues covered <2% of the surface 
area after 3 cycles of reuse, which showed a negligible effect on the SERS signals. 
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Figure S4. AFM image of BN after 3 cycles of reusability test using CuPc as analytes. 
6. Raman spectrum of R6G and CuPc from 1L/Au substrate without heat treatment
Raman signals from both R6G and CuPc were collected when 1L/Au was not heated at 400 °C in air and 
R6G and CuPc were used one by one. It indicates the importance and effectiveness of the heat treatment in 
achieving reusable SERS substrates.  
Figure S5. Raman spectrum collected from 1L/Au substrate after deposition of both R6G (10-6 M) and CuPc 
(10-6 M) molecules without heating at 400 °C in air. The peaks marked with * and # were from R6G and 
CuPc, respectively. 
7. AFM image of 1L/Au after reusability tests for 5 cycles
The 1L BN nanosheet remained after reusability tests for 5 cycles, as revealed by AFM. 
Figure S6. AFM image of a 1L BN nanosheet after 5 cycles of reuse at 400 °C in air. 
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8. AFM image of 1L/Au after heating of 2500 min
1L BN on Au nanoparticles burnt out after heating at 400 oC in air for 2500 min. The right part of the dashed 
line used to have the 1L BN. 
Figure S7. AFM image of 1L/Au substrate after heat treatment of 2500 min, and the 1L BN disappeared in 
the right part of the image.   
9. Reusability test of CVD-BN/Au substrate
The CVD-BN covered SERS substrate was heated at 400 oC in air for 5 min for reusability test. As shown in 
Figure S8, the substrate is also reusable. The increased SERS intensity in Cycle 1 is possibly due to the 
removal of polymer residue from the transfer process by heat treatment, and hence increase the adsorption 
capability of BN nanosheets towards R6G.   
Figure S8. Raman spectra of R6G (10-6 M) from CVD-BN covered SERS substrate before and after reuse. 
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Chapter 4. Conclusions and Future Works 
4.1 Conclusions 
In this work, the intrinsic Raman signature of atomically thin BN nanosheets were investigated for 
the first time. The high-quality BN nanosheets were prepared by mechanical exfoliation, and the 
Raman spectra of substrate-bound, suspended and heated BN nanosheets were recorded. The G 
bands of substrate-bound BN nanosheets showed thickness-dependent upshifts compared to that 
of bulk hBN crystals, i.e. thinner the nanosheets, higher the Raman frequency due to the substrate 
induced strain. In addition, further Raman upshifts were observed from substrate-bound BN 
nanosheets after heated at 400 °C, because the heating treatment increased the strain in atomically 
thin BN nanosheets. On the other hand, the suspended BN nanosheets of different thickness 
showed similar G band frequency to bulk hBN crystals. These experimental results implied that 
the intrinsic Raman spectra of BN did not change dramatically when its thickness reduced to 
atomic level, and the difference in Raman spectra among substrate-bound atomically thin BN was 
actually caused by strain introduced by uneven substrates. These conclusions were supported by 
theoretical calculations. First-principles density functional calculations with van der Waals (vdW) 
dispersion forces included showed that 1-3L BN nanosheets have an almost identical G band 
frequency, though strain has a significant effect on the frequency. Phonon dispersion and 
Gruneisen parameters of atomically thin BN nanosheets were also examined. This study not only 
forms the base to the following studies on the special surface adsorption behaviour of atomically 
thin BN nanosheets but also guides the use Raman spectroscopy for studying these novel 
nanomaterials. 
 
Next, the strong surface adsorption capability of BN nanosheets was revealed. It was discovered 
for the first time that atomically thin nanosheets adsorbed airborne hydrocarbon and aromatic 
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molecules more efficiently than bulk hBN crystals. In other words, with the same surface area, BN 
nanosheets attracted more organic molecules than bulk hBN. Theoretical calculations indicated 
that such an intriguing phenomenon was derived from nanosheet conformation changes which 
increased adsorption energy.  Conformational change, however, did not happen to bulk hBN 
crystals due to their much higher rigidity. Raman spectroscopy was used to monitor the 
conformational changes in atomically thin BN nanosheets after surface adsorption of R6G and 4-
MBA. As aforementioned, Raman spectrum of atomically thin BN was very sensitive to strain and 
hence can be used to show morphological distortions caused by molecular adsorption. The Raman 
results matched the theoretical calculations very well. The study provides new perspectives on 
interactions between 2D nanomaterials and molecules and opens up possibilities for many novel 
applications, such as sensing, water/air cleaning, chromatography, catalysis, pharmaceutics, and 
medical diagnose.  
 
As an example, the application of atomically thin BN nanosheets in surface enhanced Raman 
spectroscopy (SERS) was systematically studied. For this purpose, BN nanosheets were combined 
with plasmonically active noble metal particles. The nanoparticles were produced by sputtering 
and annealing processes. This method is not only straightforward and scalable but also has good 
control over their size and distribution by varying sputtering time, current and annealing 
temperature to obtain optimised Raman enhancement. It was found for the first time that under the 
same sputtering and annealing conditions, Au particles on BN of different thickness showed 
different sizes due to different surface diffusion coefficients of Au on BN of different thicknesses.  
 
Two designs of BN nanosheet-based SERS substrates were tested. One was to deposit plasmonic 
Au nanoparticles on top of BN nanosheets. Such substrates could detect R6G at 10-6 M. 
Interestingly, decorated with similar distribution of Au particles, atomically thin BN nanosheets 
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showed much better (2-4 times) Raman enhancement than bulk BN crystal and SiO2/Si due to their 
special adsorption capability and behaviour. The Raman signals of atomically thin BN nanosheets 
were so low that they did not interference with the Raman signals from the analyte. In addition, 
these substrates can be reusable by heat treatment in air to remove the adsorbed analyte molecules 
for 5 times without noticeable loss of enhancement. 
 
To further increase the adsorption area, sensitivity, reproducibility and reusability of BN-based 
SERS substrates, BN nanosheets were used to cover Ag and Au nanoparticles in the other design. 
The study started from mechanical exfoliation atomically thin BN nanosheets on the metal 
nanoparticles. It was found that atomically thin BN rippled to closely follow the contours of the 
underlying nanoparticles so that the hot spots could be retained. The increased adsorption area of 
BN nanosheets attracted more analyte molecules and hence gave rise to a sensitivity up to 10-8 M. 
The Raman enhancement from such substrates was homogeneous and reproducible because BN 
nanosheets separated probe molecules from metal particles to eliminate undesirable disturbances 
caused by metal nanoparticles. Furthermore, the veil of BN nanosheets could provide the metal 
particles with long-term protection against oxidation even at high temperature in air. This also 
means probe molecules could be removed by heating in air, and the substrates then were reusable. 
A 2L BN covered Ag nanoparticles retained >90% of their sensitivity after reused for 30 times; in 
contrast, bare Ag nanoparticles had only 20% of sensitivity after 7 cycles of reusability test. To 
demonstrate the scalability of such substrates, large BN nanosheets grown from CVD were 
transferred to Au nanoparticles for SERS, and good sensitivity and reusability were also obtained. 
These studies suggest the atomically thin BN nanosheets have many highly desirable properties 
for sensing. 
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4.2 Future Works 
Conformation change has been demonstrated on BN nanosheets after adsorption of aromatic 
molecules to increase adsorption energy. However, the mechanism of the special phenomenon is 
still unknown. For example, does the ring size of aromatic molecules (e.g. five member ring, six 
member ring) affect the degree of conformation change in BN nanosheets? Can non-aromatic 
molecules also induce conformation change to BN nanosheets? Is it possible for chain-like 
molecules or even small gas molecules to cause such changes? Therefore, it would be worth 
investigating the mechanism of conformation change on BN nanosheets and other 2D 
nanomaterials after molecule adsorption. In terms of other 2D nanomaterials, Raman spectroscopy 
which was used to study conformational changes in BN nanosheets may not work 
straightforwardly in the case of graphene because besides strain, many other factors, such as 
substrate and adsorbed molecules induced doping, contribute to Raman frequency change of 
graphene. Thus, more studies on the use of Raman to detect conformational changes in other 2D 
nanomaterials are required. In addition, the mechanism could be different for 2D nanomaterials 
with different crystal structures and chemical compositions. The unique conformational changes 
in 2D nanomaterials should lead us to many novel applications which are worth further 
exploration. 
 
Furthermore, it is worth continuing to explore the application of BN nanosheets on sensing, such 
as the design of more sensitive SERS substrates. This may be realized by using lithography 
technique to prepare metal dimer and transferring high-quality CVD-grown BN nanosheets on top. 
Although the preparation of such SERS substrates is complex and expensive, the reusability can 
help to reduce the cost. In addition, the hybrid of BN nanosheets with plasmonic nanoparticles can 
be used to enhance light emission, such as photoluminescence and electroluminescence for more 
powerful and efficient lasers.  
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